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INTRODUCTION

During the past reporting period the work continued in the areas of
photovoltaic and thermoelectric processes.

Additional progress was made in the theoretical characterization of the
properties of graded heterogeneous transitions between dissimilar semi-
conductors. The theoretical properties of such regions was examined with
and without an applied magnetic field. The work on the characterization of
the processes at the absorption edge of CdTe is complete. The complete
theoretical and experimental results of this work will be published in a
doctoral thesis in January 1965. The investigation of the feasibility of a
multiple transitional process via impurity levels in CdS continues with a
view towards the feasibility of a multi-transitional solar cell.

The work on the experimental characterization of the thermal and
electrical transport properties of ZnSb is essentially complete. The
pertinent coefficients of the galvanomagnetic tensor have been evaluated
experimentally. The thermal conductivity measurements are essentially complete.
With the completion of the work on ZnSb, the work will continue on the
investigation of mixed crystals of (CdSb)x(ZnSb)l_x.

Two doctoral theses, one on the optical properties of CdTe and one on
the transport properties of ZnSb are essentially complete. Two Ph.D degrees
will be granted, one in January 1965 and the other in June 1965 on the basis

ey,

of work supported in these areas.
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CHAPTER 1 GECRGE ALMAST

GRADED ENERGY GAP HETEROSTRUCTURES

1.0 Introduction

Work since the last report has centered on the theoretical analysis of

(6)

a graded-gap photocell. Earlier results of the present author have been
revised and combined with work done during the last reporting period, result-
ing in a comprehensive theoretical treatment of graded-gap photodevices

which is presented on the following pages.

1.1 Theoretical Background

The idea for a graded-energy-gap photocell arose from a desire for a
high-efficiency, wide-spectral-response solar cell. In a normal solar cell,
in which the bandgap is the same throughout the device, photons with energy
below the bandgap contribute nothing to the output power, whereas photons
with energy greater than the bandgap contribute no more than photons with
energy equal to the bandgap. It would seem that this source of inefficiency
would be avoided by a device with a range of bandgaps built in, so that the
low-energy photons are absorbed where the bandgap is small, whereas the high-
energy photons are absorbed where the bandgap is large.

To set up a photovoltage it is necessary to separate the excess carriers
produced by the photons. In a normal photocell this involves carrier motion
by diffusion. In a graded-gap photocell, as will be shown later, '"quasi-
electric" fields enter into the charge separation. These '"quasi-electric"
fields are proportional to the gradients of the respective band edges,(l)

The first problem which comes up is the characterization of such a

(2)

device. This was discussed briefly by Aigrain in a seminar at M.I.T. The
configuration he suggested is shown in Fig. 1. This lecture has not been
published, and the author is grateful to Professor Bruce Wedlock for making
his private notes available to him.

(4)

Tauc has considered the problem of setting up a potential between

the faces of a graded-gap photocell in the absence of a magnetic field.

He considers an illuminated semiconductor region in which the bandgap changes
from EGl to EGZ’
concentration is assumed to be uniform inside the illuminated region and

but which is otherwise homogeneous. The excess carrier

zero outside. Tauc uses irreversible thermodynamics and the "Quasi-Fermi

levels" of Shockley(ls) to derive an expression for the open circuit voltage.
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For a strongly p-type sample with a uniform equilibrium hole concentration

Py his expression yields

Hly Fe2 = Ea1

v =
oc Pobp + An(un+up) e

where An is the excess carrier density, E., the energy gap, and u the mobility.

A similar expression holds for a stronglyGn—type sample.

Tauc considered only the open-circuit case and did not calculate any
I-V characteristics or efficiencies.

Segall and Pe11(3) used the open circuit voltage expression of Tauc as
a starting point in a brief "exploratory" investigation of the potentialities
of a graded-gap photocell. Mobilities and other quantities besides the energy
gap were assumed to be constant. Uniform doping was assumed. They calculate
short-circuit current, assume ohmic behavior, and derive an expression for
efficiency; using the properties of a material like GaAs and a doping level
of 1017 cm—3, they obtain an efficiency of about 27 in sunlight. For a
Ge-Si alloy cell, they obtain an efficiency of 3% in sunlight.

Segall and Pell display a very good physical understanding of the
processes in and problems of a graded-gap device. However, it is hard to
criticize or comment on their paper because many of their results are
stated without proof or derived from physical reasoning. It so happens
that their results agree with the more detailed analyses to be discussed
below, and in retrospect it is interesting to see that they can be "derived"
by such simple techniques but by their own admission, it is not meant to be
a rigorous discussion.

Before leaving this paper, it may be appropriate to point out that the
doping level of 1017 cm"3 used by Segall and Pell is determined by present-
day GaAs material technology; the intrinsic concentration of GaAs at room
temperature is about 107 cm-3. Now, the open-circuit voltage and thus the
efficiency are inversely proportional to the dark carrier concentration, at
least until the open-circuit voltage saturates. Thus a decrease in doping
level to 1016 cm—3 would increase the efficiency in sunlight to 207%.

A more extensive treatment of a graded-gap photocell without a magnetic

(5)

field is presented by Emtage. He starts by setting his partial currents

equal to the gradients of suitably defined pseudo-electrochemical potentials,
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the "quasi-Fermi levels” introduced by Shockley.(ls)

Emtage states without
proof that " it is easily verified either from the Boltzmann equation or
from thermodynamic arguments that these forms hold even when the band gap
and effective masses vary'. One supposes that he is relying here partially
on the results of Tauc, who did use 'thermodynamic arguments".

These current equations are combined with Poisson's equation and with
the continuity equation; the pseudo-electrochemical potentials are then
combined into two new dimensionless quantities which allow Emtage to reduce
the entire problem to a pair of simultaneous nonlinear second order
differential equations which, by his own admission, "cannot be solved in
their entirety." Emtage then makes a number of assumptions (to be dis-
cussed shortly) and goes on to calculate the I-V characteristics of a cell
combining a p-n junction and an energy-gap gradient normal to the junction.
Using numbers for a GaAs~InAs alloy system and illumination having a uniform
spectrum extending between the greatest and least bandgaps only, he cal-
culates an efficiency of 37 for sunlight intensity and a maximum of 437
for an intensity 2000 times greater than sunlight.

Several months after the publication of the papers by Segall and Pell
and by Emtage, Almasi* presented an independent analysis of a graded-gap
cell operating with a magnetic field in the original PEM configuration
suggested by Aigrain. This work will be discussed in detail later. 1In
this work, the present author chose to start with the Boltzmann equation as
a more physically motivated treatment than the quasi-Fermi level approach.
As was noted at the time, the Boltzmann equation approach does indeed bear
out the validity of Emtage's partial current equations for the inhomogeneous
semiconductor case.

Having derived the partial~current equations by different means, the
two analyses differ chiefly in their assumptions and in the stages at
which the assumptions are made, although of course Emtage does not include
a magnetic field in his treatment. Both papers combine the partial current
equations with Poisson's equation and with the continuity equation and
eventually come out with expressions for quantities of interest such as

open-circuit voltages and short~circuit currents.

*Reference 6, the author's M.S. thesis, henceforth abbreviated M.S.
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It is true that Emtage's approach has a good deal of generality, but
it is the present author's personal opinion that the mathematical complexity
tends to obscure the physical processes involved. For example, the importance
of excess carriers and the excess carrier distribution in understanding semi-
conductor device action has become increasingly apparent in recent years, and
yet the action of the excess carriers in the various cases considered by
Emtage is all but lost in the dimensionless quantities with which he is deal-
ing. Excess carriers are barely even mentioned.

As a more important example, Emtage is eventually forced to assume that
the change in bandgap in an extrinsic Debye length is small compared to kT
in order to solve his system of equations. As pointed out by Almasi(6) M.S.,
this is equivalent to assuming quasi-neutrality and can be done much earlier
in the analysis with the "safety check" of self-consistency. The physical
significance of this assumption is not at all apparent from Emtage's analysis.

As a third example, Almasi showed in M.S. that the diffusion current due
to the excess carriers in the graded region can be safely neglected in most
cases when compared to the drift current. Realizing this would have simplified
Emtage's analysis considerably.

Emtage's treatment of the high illumination case is more detailed than
that of Tauc or the present author. However, Emtage's expression for the
open—-circuit voltage is substantially* the same as that derived by Tauc,
and if it can be assumed that the fields in the x~ and y directions are

n
open-circuit voltage which would be derived on the basis of M.S. also agrees

simply related by the Hall angle, that is, that Ey = (Bu )effézx’ then the

substantially** with Emtage's result.
At present, Emtage's paper is the only published work which considers
the I-V characteristics of a graded-gap device with current flowing along
the direction of the gap gradient. (Later on in this paper, the developments
in the present author's M.S. thesis will be applied to this situation.)
Tauc has not done this at all, and the present author's M.S. thesis considered

only net current flowing perpendicular to the gap gradient. Emtage allowed

*Expect for some "end corrections', which Emtage admits are small.

**Some uncertainty is caused by the fact that Emtage has assumed constant
mobilities whereas the present author uses a certain average of a
linearly varying mobility.
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for departures from ohmic behavior and found these departures to be small.

On other counts, Emtage's assumptions are more restrictive than either
those of Tauc or the present author. Emtage assumes constant mobilities;
Tauc discusses varying mobilities very briefly; the present author incorporated
a linearly varying mobility into his model. Emtage assumes constant effective
masses, although he admits that both this and the constant mobilities are
very poor assumptions. Tauc states (without proof) that such effects are
"usually very small." The present author assumed effective masses proportional
to the energy gap* and showed under what conditions the effects were 'very
small."

(25)

This last point was also considered by Verie in a paper published
more than two years after M.S. Verie also made the assumption, based on
k.p theory, that the effective masses were proportional to the bandgap, and
came to the same conclusions as the present author, namely, that band-gap
variations and effective mass variation give rise to quasi-electric fields
of opposite signs, but that the band~gap variation will be the dominant
effect as long as EG >> kT.

In 1963, an analysis of photoelectric effects in a graded-gap region
in the presence of a magnetic field appeared in a paper by Fortini and

Saint—Martin.(27)

Constant mobilities were assumed, and the band-edge
gradients were simply inserted into the current equations without any
derivation. The analysis is valid for small Hall angles and low illumination.
Quasi-neutrality was assumed, but the conditions necessary for this assump-
tion to hold were not discussed. No reference level was defined for the
energy levels under discussion.

These omissions aside, however, the work which is done in this paper
is done well. The normal PEM effect is considered alongside the PEM effect
arising from the gap gradient, and the authors point out the importance

of the new mobility coefficient

v - n +
n/up +p/y,

*An assumption suggested by k+«p perturbation theory and borne out
experimentally for the HgTe-CdTe system.(16) See Appendix A, P. 39,
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which is associated with the gap gradient and which is to be compared with
the normal ambipolar mobility coefficient

W = —B=DP
n/u_+ p/y
P n

This coefficient u' is the same as the quantity u* defined in M.S.
The short-circuit PEM due to the gap gradient is calculated for
arbitrary surface recombination velocities* at the front and back faces
and for two different excess carrier generation functions: a uniform and
constant generation rate and a generation rate localized near the illuminated
front face.
This is as far as the analysis is carried; there is no discussion of
the power output of such a device, and no calculation of efficiency. The
experimental work (to be discussed later in the section on experimental
background) consisted of setting up a small energy gap gradient by straining
a germanium crystal, and then measuring the PEM voltage as a function of
strain. There is no discussion of what material parameter values are desirable
for efficient device operation. The main purpose of the paper seems to be
to establish the fact that a gap gradient will contribute to the PEM effect.
This completes the summary and comparison of existing analyses of graded-
gap devices; the next few sections are devoted to a more detailed consider-

ation of a simplified version of the analysis in M.S.

1.2 Analysis of a Graded-Gap Device: General

(6)

The theoretical part of the author's thesis derived an analysis
applicable to the problem of the graded-gap device. The graded region was
treated using three basic assumptions:
(1) That the effective mass approach could be used and that the effect
of a band-edge gradient was equivalent to that of an electric field
acting on the carriers in the band under consideration.
(2) That Boltzmann transport theory could be used to derive the equations
of motion of carriers in inhomogeneous regions moving under the

influence of forces such as discussed above.

*In M.S., the equations for arbitrary surface recombination velocities were
set up and the solutions were sketched out, but not carried to completion.




page 7

(3) That the electrostatic potential distribution could be found by
assuming quasi-neutrality throughout the graded regionm.
The limitations on the validity of these assumptions are examined in
Appendix A of this paper (p. 39)
As shown in Appendix A, the main result of the effective mass treatment
is that the current carriers can be treated as free particles with an effective
mass m* appropriate to the energy band under consideration, and that the

force acting on them [in the absence of a magnetic field] is given by

r dE 2.2 dm

T odx e dx 2me m_ dx

[for electrons] where ¢ is the electrostatic potential and E;E is the

*
conduction band-edge gradient. For holes in the valence band, the result
is

F.

T dx e dx +[ th ] m dx.J )

.. [ do 1% 2kt 1 M

These are then the force terms to be inserted into the Boltzmann equation

for the distribution function £,

-1
f=f - th FU f- vV f (1.2)

The heart of the analysis which follows is contained in the author's
M.S. thesis,(6) and the reader is referred to that paper for details. How-
ever, the organization of the analysis presented here is different and
(hopefully) clearer, and the analysis itself is expanded to include further
work by the author, both on the PEM graded gap device analyzed in M.S.
and on graded-gap devices operating without a magnetic field. Comparisons
with the work of other authors will be made where possible.

The author's M.S. thesis treated the transport of carriers in a section

of inhomogeneous semiconductor by the standard Boltzmann equation approach

*The conduction band lower edge (Fig. 1) is also called the "electron
affinity;" it is important to note that it is a property of the material
only, and does not depend on such things as the doping or excess carrier
density. Thus E (x) is fixed once the variation in composition with

c
distance x is fixed.
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described by Smith.(17)

Only the handling of the force term was slightly
different from that described in the last section. Instead of taking the
force expression resulting from the effective mass treatment and inserting
it directly into the Boltzmann equation, the author took the following
attitude: Kromer has shown that such things as quasi-electric fields do
exist; insert them into the equations of motion as unknowns and see what
form they must have from equilibrium considerations alone, without going
through any quantum mechanics. This approach is not quite as straight-
forward or clear as the one used in this paper, but it is satisfying in that
it yields the same values for the "quasi-electric fields" as does the
quantum-mechanical approach.

Using the force terms derived in Appendix A, the Boltzmann equation in
the presence of a magnetic field B becomes

2 2 dm

- _de .l k,1 _e T N
f f0 + t/h e( el [ Zm ] it vxB) ka ™ Vrf (1.2a)

e

for conduction band electrons and

Qi.+ 1 d§1>+ k 1 dm

f=f -t/he (-~ g *oax th m dx

+ VXB)‘ka~TV'V £ (1.2b)
r .

for valence band holes. Figure 1 should be consulted for the references on
the various energy levels. The steps involved in solving the Boltzmann
equation are identical to those outlined in the author's thesis, and the

resulting equations of motion, to first order in magnetic field, are

dE dm
Pe _ 2 38 _5kr T
nu ( = esf - kT x " 2@ m I ) + Bun Jyn (1.3a)

-- 3¢ .
Jyn enun dy Bun an

for electrons, and
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(1.3b)
3¢
J =-e¢ - By J
yp pup ay up xp

for holes.* The quantities § and y are defined in Figure 1. The assumptions
made up to this point are

1) No temperature gradients

2) Non-degenerate material

3) Uniform B-field in the z~direction

4) Parabolic, spherical band E =’ﬁz lkz + k2 + k2)
arabolic, spherica ands, e.g., c Ear < v z

5) Variation in the x-direction only
6) ri = Ti, i.e., Hall mobility equals conductivity mobility
7 @w? <<l

Now since n = N_ o8

-p48_dn _n _c
dx dx Nc dx

and equations (3) may be re-written

dE dN dm
- —c_,9 kKT _c SkT e dn _
J nun [ e ) + kT un Bu Jyn ~‘

Xn dx dx N dx 2 m dx dx n
> (1.4)
. (dEv RTINS S B dmh) ru ®og g
Xp pup dx Ix N dx 2 m dx dx s yp
J
However,

N = const xm 3/2
c e

3/2
Nv const x mh

and if we assume, as discussed in Apendix A, that the effective masses are

*The quantity (dE /dx - e 3¢/9x - kT 36/3x) is exactly equal to the pseudo-
electrochemical potential gradient defined by Emtage. Thus it is seen
that for B = 0, the Boltzmann equation does indeed bear out the validity
of the Quasi Fermi level approach used by Emtage, since then the present
equations (3) become identical with his equations (4). [Emtage assumed
uniform effective masses. ]




dN dN dE

proportional to the energy gap, then %i—a-x—c -r];i—a-;! = %%— d_xG .
Thus equations (4) may be re-written
dE. 3, kr g dn
an e ( ax S ox ” &, E dax ) + kT u n dx Bu Jy
(1.4a)
dE dE
- -V _ _g kKT _ Gy _ dp
pr pup ( dx € x t4E, Eq dx ) kT up ax * B"'p Jyp
In equilibrium, n=n , J =J =J =J = 0; thus
o’ “yn yp xn Xp
dE dE dé dn
By *n ( dx 4 EG dx ) + kT Yn dx 0 (1.5)
In the presence of excess carriers An = Ap,
dE ¢
c o kT G dan
an = 4a *n ( dx € ax - 45 E dx ) kT n dx
- e(n° + An)un 9/ox (¢-¢o) + Bun Jyn (1.6)
dE ¢ dE dn
c _ o ,kT _G _ 0o
+ % ¥n ( dx € x by E dax ) + kT Mn dx

But from equation (5), the last four terms of equation ( 6) add up to zero,

*
so that the currents may be re-written

n don _
J =e AnunEixo - enp 3/93x (¢-¢o) + e Dn ax Bun Jyn ]
(1.7)
- P _ 6 ) - déAn
pr e AnupE;xo e pup 9/9x (¢ ¢ ) - e Dp dx + Bu p Jyp

where we have defined

*Note that the second terms in equation 7 is the standard drift term,
the third is the standard diffusion-of-excess-carriers term, and the
fourth the standard Hall effect term. The first term corresponds to the
band-edge gradients.
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n o _ 1 ( dE ) d¢o kT dNC 5 kT dme )
éixo e dx dx N dx 2m dx
|
k% wr % ,'
e dx eEG dx i
| N .
Pl Sy Mo My sk Th
X0 e dx e dx N dx 2 mh x
kT 9% kr g
™ - —— +4
e dx eEG dx )

Note that E:o and E:P;o are independent of the level of injection. In order
to find their individual values we must know ¢°, which involves solving
Poisson's equation. However, this is not necessary at this stage of analysis,
and will be done later.

The two other quantities involved in this analysis are the photo
potential (¢—¢o) and the excess carrier distribution An. It will be shown
that (¢-¢o) is found from V+-J = 0, and that An is determined by the continuity

equation

V°Jn = e=0_ eg (1.9)

where g = g(x) is the external rate of hole-electron pair generation due to
photons and T is the lifetime of excess carriers. (One should not lose
sight of the fact, however, that in general we have five equations for the
five unknowns An, Ap, an, pr, and ¢, namely, the two equations 7, two
continuity equations like equation 9, and Poisson's equation, and that in
general these five equations must be solved simultaneously.)

The condition that V*J = 0 reduces to

J = const
X

therefore, since J_ +J = J ,
xn X
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- B +
RPN S [ e SlllSs 4 B R
9x o o(x MR + upp 9y o
(1.10)
w % o4y P D -D
+ n_ox p.__OX n_. _p dAn
n+ up fn + Ln+ up dx
Hn P n p
where we have defined
o(x) = e(nu_+ pup)
en " Bun
0 = B
P uP
kT
D e H
Now J__ becomes
nx
J ey e | (o g )nd (40 )+ sn(E" - BEP )
nx nun+pup X u n u n p a9y o — 0X p ~ox
np P ‘ (1.11)
kT n, dAn
+ " a+ p) ax

The inclusion of the term Jx makes these expressions a little more general
than those in M.S.

M.S. treated only the PEM case, for which JX = 0; therefore we proceed
to find the terminal characteristics in the y direction, leaving the dis-

cussion of a device utilizing the x-directed voltage until later.

1.3 Analysis of a Graded-Gap PEM Device

We define
/
I = J dx,
y o y
—
and since v-E = Ple = 0, and the material properties are not assumed to

vary in the y-direction, we can also define

2 Yy
3‘;(¢-¢°) = 3 -
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Recognizing that

3
= + = + — — + 0 -

*
and realizing that in this case an = - pr, it is easy to show that

t \') t
- _ 2
1y £ o7~ dx + £ (ep +0.)J3 dx

V =0
y

(Equation 11) shows that the expression for Jnx also contains Vy’ but this
term enters into the expression for Jy multiplied by a second-order term

in B, and is therefore neglected.) Then

v
I =- i?—— + I

1.12)
y int ySC (
where
t
1l 1 f o {x)dx (1.13)
R d
int o
and the short circuit current 1
ySC
t
IYSC = £ (ep +0)J dx (1.14)
vV =0
y

Thus it is seen that the terminal characteristics of the device are those
of a Norton equivalent circuit, that is, an internal resistance in parallel
with an ideal current source. The current source depends on magnetic field
and on Jnx' All necessary information may thus be obtained by treating the
short circuit case only. The remaining problem is thus the evaluation of

J , under short circuit conditions (3/3y (¢-¢°) = 0.)

*M.S. thesis(6) p. 35
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In the short circuit condition, Jnx can be written

Jnx=eu*8* An + e D¥ %i}-l' (1.15)
where we have defined
u* . unu
n
=+
unp Hp
* n _ncp
€ E:-ox EEox
DnD
D* = =+ te—P— 4+
D —+D
np P

Thus the problem becomes that of finding E* and An for the cases of interest.

1.3.1 Finding the effective electric field E;*:

Using the values in equation 8§, Ei* becomes

p /45, ndvo>_4kT dE,,

£* n
K dx pd eE. dx

1+ %) (1.16)

It is tempting at this point to go ahead, make the approximations of intrinsic
or strongly doped material ( §-= 1 or-% << 1 or'% >> 1), and come out with
some compact results. However, a little reflection will show that we are
assuming that the carrier concentrations and thus the values of 60 and Yy
are determined simply by the doping. This is true only if Quasi-Neutrality
can be shown to hold. The conditions under which quasi-neutrality holds
for the type of non-uniform semiconductors under consideration here are
discussed in some detail in Appendix B.

The results of Appendix B show that as long as Nc’ Nv’ EG/kT vary
slowly in a Debye length, then for intrinsic or uniformly strongly doped

graded-gap regions, the electrostatic potential can be found from

N
3 (1.17)

sin h (-9 1) -
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N.-N

d a

X} - - 1 -
WT ° Qi EG/Z EF 5 kT In N /N ) and N

vhere N, = # of donors and N = # of acceptors and complete 1oniza%ion

where ¢ = (E

of impurities is assumed.

Once ¢ is determined, § and Yy are also determined, since

§ = "~ - %
kT
and
E
G
§ + y = ®T °

Now let us evaluate Ei* for the cases of interest. For strong p-

material such that |§| >> 1 everywhere, equation 17 yields

o - Ev - Ef - 1In INd B Nal
o kT N
v
and
E -
§ = 2 + 1In lNd Nal
o kT N
v
= - 1n INd - Nal
Yo N
v
therefore
En _LdEG_Q _l_ch LdNV 5 kT dme
ox e dx e N dx Nv dx 2 em dx
p o,5kr M
ox 2 e dx
and
S T (q . LikTy
e dx 2E

(1.18)

type

(1.19)

(1.20)

(1.21)




Fig. 1.2 P-type device
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where the effective masses have again been assumed proportional to the energy
gap.* Since regions where EG < 6 kT are already being neglected through
the assumption of non—degeneracy,éﬁ* may be taken as constant and equal to
the gap gradient. If the variations in N, are ignored, then equation 17
can be interpreted as saying that if the hole affinity does not vary with
position in this case, then no electrostatic field will be set up in
equilibrium.

For a strong n-type material such that N >> 1 everywhere, equation 15
yields

E -E N, - N
c f d a
@o = *T + 1n N
c
N, - N
§ = =1n dN a
c
E N, - N
G d a
Yo = %r t I» Ty
c
therefore
Ein e . 2 kT dm
ox 2 em dx
p __ 1 % KT (1 ch+1dN) 5 kr_ 9™
oxX e dx e N dx N dx 2 emh dx
c
and
dE
* n 1 G 11kT
- 221 - . 1.22
EE p e dx (1 2EG ) ’ ( )

this result seems less strange where it is realized that for this strong

n-type case, p* = p/n up thus we may take

dE
kCx 1_6G
s EE up e dx

*See Appendix A.
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whereas for the p-type case,

dE
* Ok 1 G
s Ei un e dx
For intrinsic material (N = 0),
¢, === (E_ - E_ - E./2) - % 1n N_/N 1.24)
i kT c f G 2 c v (1.
E N
1 G 1 <
8= wr t I8 §
v
S T N WO
Yi T2 kT 2 N
v
r_\n._l_dEG_E 1 9N . dN;’ 5 kT dm,
ox 2e dx 2 | N_ dx N, dx ] 2 em_ dx
cp .1 % kT ¥ o1 W L5 kr I
“ox 2e dx 2 Nc dx N dx 2 e X
cw 1 P
S e dx E,
B_u
and u*,_n__P.
u_*tu
n p
k o
H o~ u
P
* * 1 dEG
if Wy > up, as is common. Thus the product u EE is up e dx for the

intrinsic and n-type cases and un-i dEG/dx for the p~type case.
(Equation (24) may be interpreted as saying that no equilibrium
electrostatic field is set up if the electron affinity and hole affinity

have the same magnitude.)

1.3.2 Finding the excess carrier distribution: constant mobilities

The next problem is that of finding An(x). This is somewhat more
involved. When equation (15) for Jnx is inserted into the continuity

equation (9), and it is assumed that Jx = (), the equation for An becomes
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dzgzn +/Q*€* dén 4n g/D*

dx p* dx L (1.23)

N

where L = l{;‘r—; is the diffusion length. It can be seen that if E* vere
zero and the volume generation termm were absent, this would be the equation
for the excess carrier distribution in a normal, homogeneous PEM cell.

Since p* (and thus D* and L) are in general functions of position, this
is in general a non-constant coefficient differential equation. Simplifying
assumptions must be made in order to obtain closed-form solutioms.

Our first assumption will be that the mobility is constant. This is a
very poor assumption for most material systems; in CdTe-HgTe, for instance,
the electron mobility can vary from 600 cm2/v—sec in CdTe to 20,000 cmzlv-sec
in a HgTe-rich alloy. However, it results in a workable model which shows
the effects of the gap gradient. Another model will be derived later which
does include mobility variations.

The illumination spectrum assumed is shown in Figure 5. It is assumed
that the absorption is so strong that all the photons of a given energy ére
absorbed at the point which has the appropriate energy gap within a distance
which is small compared to the width of the graded region.* This assumption
is taken to mean that the generation rate can be tasken as constant through-
out the entire graded region and equal to qo/t cm-3 sec—l.

£%* is also taken to be constant, since we are considering EG >> kT
everywhere.

The solution using these assumptions is outlined in the author's M.S.
thesis starting on page 40. The solution takes the form

“*e*
p* rx -
An = 8T, + e [Cle + C2e

2 |
r = % \/(/‘(*E*) + 4/
\ »p

*In CdTe, this condition should be easily achieved.

™ (1.26)

*k
where

* *
Again, it can be seen that if g* - 0, r = 1/L
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and C1 and 02 depend in a rather complicated way on the boundary conditions
at x = 0 and x = t.

An additional assumption makes the solution easier and also throws more
light on the processes involved. Although never explicitly stated, one of
the reasons for interest in this device is the possibility that the excess
carriers move primarily by drift rather than diffusion. This intuitive
feeling will be checked by neglecting the diffusion current compared to the
drift current, and then checking the assumption for self-consistency.

If the diffusion term in equation 15 for an is neglected, the equation

for An becomes

dAn An
dx 8*11*1’1

- - g/u*Ei* . (1.27)

It will be assumed that the illuminated surface is very carefully prepared,

so that the surface recombination velocity $1 there is zero. At the back

surface, the opposite approximation will be made, namely S, = =. This means
that all excess carriers which reach this surface recombine immediately,
and that the excess carrier density at the back surface is zero.*

In the two special cases of intrinsic material and uniformly doped
material, u* will be constant if the individual mobilities un and up are
constant.

Under these conditions the solution for An is
X = t
T M

bn=gr, (1-e ) (1.28)

We now wish to check our assumption neglecting the diffusion current. The

diffusion current due to this excess density is e p* %ﬁg . Thus the ratio
of drift current to diffusion current is found to be
% % t - X
PN
Jarige _ 8B £H' T !
J i ) (e - 1) (1.29)
diff

*It is shown in the section on efficiency that a much more desirable condition
would be s. = 0 and s, also = 0. However, these values were chosen in M.S.
in the spirit of a '"wOrst-case" analysis.
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A "worst-case'" analysis for CdTe using values of u* = 100 cmzlv-sec,

T, = 10_8 sec, and t = 10_3 cm shows that at x = 0, the ratio in equation 29
has a value of 57, and that the ratio does not reach unity until x = .98 ¢t.
Thus for this material system at least, it is valid to neglect the diffusion

current. In general, the approximation gets better as the quantity

* % *
="u T i AE u*t,
t

2
et

increases.
Now that neglect of the diffusion current has been justified, the

short-circuit current per unit width can be computed. Since

t t
Iogc = / I, g 9% = (6 +0) fJnxdx
o o
there results for the PEM case
2 | z-1+e %
Iy sc - eg(@p + On)t -—'—z—z—'—- ] (1.30)
2
e t
where z = ——— .
u TlAEG

In the limit, as z > 0 while t remains constant,

1 2
Iy sc > €8 t (Gp + Gn).
This represents the maximum current output for a given thickness t. The
interpretation is simple when one refers to Figure 7. It will be recalled
that tan On = On’ tan Op = Gp by assumption. Thus the maximum current occurs
when all the carriers generated in the shaded triangular volumes of Figure 7

*
reach the contacts.

*It is interesting to calculate how near to the condition z=0 an actual case
might be. Using the same ''worst-case'' analysis for CdTe as that used after
equation 29, i.e., T -10'88ec, u*=100 cm2/v-sec, t-10‘3cm, AE =1.5 ev, z will
be 1.5, and therefore g

2
Iy SC .34 eg(@p+®n)t .68 Iy SC | zm0

Thus for a 10-micron wide intrinsic graded-gap region, the material properties
assumed above result in a short-circuit current whose magnitude is about
2/3 of the maximum available.
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Since the quantity z seems to be some sort of figure of merit, it may
be informative to see what happens to An as z » 0. Using equation 28

it can easily be shown that if z goes to zero because 1., goes to infinity

1
the result is

An-xé-%fl

M

whereas if z goes to zero because u* > @ or E* » », then An vanishes. This
corresponds to the carriers being "whisked away" as fast as they are generated.
Another quantity of interest is the value of z for maximum power transfer.

This time the values of T u*, and AE_, will be considered as given and the

G
optimum value of t will be found.

The maximum transferable power will be proportional teo (Iy sc)2 Rint'
Now, ‘
t2 - Kgl-e-tZ/K
Iy gc = conmst q t3 (1.31)

where K = 1/e py*t, AE.. It can be shown that R = const. 1/t. Therefore

176G int
the maximum power will vary as

2 -t /K
p. = const. [e” - KA )l - (1.32)
m ~ 7
t
dp,
Setting — qc - 0 results in a transcendental equation
-z _ 7 -2
€ 7 + 4z

which can be solved graphically or numerically to yield the value of z
corresponding to maximum power transfer. This value is about 0.9. The
thickness corresponding to this value is t = /3;723 For the CdTe HgTe
system this turns out to be about 12 microns, which is quite encouraging
in view of the fact that we are thinking of 10-micron wide transition
regions,

The main result of this section is the appearance of the quantity

t2
z = —1r~—zﬁ— , which is a critical parameter of the device. It will be
1 6
shown later that it is indeed a figure of merit which is uniquely related

to the efficiency of the device.
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The preceeding section has been considering u* to be constant. However,
as pointed out earlier, this is a very poor assumption for most material systems.
Therefore the next section treats the problem of a variable mobility in the
graded-gap region. It will be shown that this situation may be reduced to a
case with a constant "effective' mobility.

1.3.3 Excess carrier distribution, variable mobility

It is assumed that the diffusion current is still negligible compared to the

drift current, which means that Jnx=euﬁE*An. Thus the continuity equation becomes

ddn 1 [ dy* 1 -
ax T F a T —1177] - el
and its solution is ) f : 1 du* ) 1 dx f[l du* _ 1 1a
;? dx Tlu*gi' ;T dx Tlu*?* x
An(x) = e - j%é; e dx
H
1 dp* 1
IFEI dx Tlu*s*]dx
+Ce (1.34)

%
11, g, and & are again assumed constant.

If a linear behavior of the "ambipolar" mobility u* is assumed, i.e.,

o= Hy (1 + a x/t)

then the solution for An is

e )
tn(x) = (1 +ad c- S5 J a+% d(f9~}
° (1.35)
The integral can be evaluated analytically for integer or half-integer
values” of - Ez =, f.e., 0, 1/2, 1, 3/2, 2, === .

*For an intrinsic HgTe-CdTe graded-gap region, the quantity T g*u* o
will be about 3 x 103 cm = 30 microns. For a p-type sample
it will be about 3 x 10°! cm = 3 mm.
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The integral will first be evaluated using a 'thin sample" approximation
namely, -T—-é-;t—u;—; << 1. Then

1 o
t t—x - t=X
An(x) = -\Tige_* _—t-f-ax ‘E}'%;Té% (1.36)

where the condition that 4n = 0 at x = t has again been applied. This
solution is seen to have exactly the same functional form as the solution
for the case of constant mobility and infinite lifetime, except that the
constant mobility has been replaced by a variable mobility. This is a plausible
result, since both the thin sample approximation and the infinite lifetime
approximation are equivalent to neglecting the recombination process.

The short-circuit current in the thin sample is

t
- Xk
Iy SC e £ (Gp + en)u E* Andx.

If a p-type sample is assumed, then u* zun. Furthermore, Gn is genérally

*
much larger than ep. Thus if it is assumed that W= uno(l +a x/t) then
1 2 § dx
Iy sc ™5 e8 Bunot (f) 2(1 - x/e)(1 + L x/t)t . (1.37)

The term outside the integral in the above expression is the maximum current
available from a graded-gap region with a constant mobility Moo and a width
t, while the integral itself may be interpreted as an average value of a .
For this case

t o o
{2(1-x/t)(1+anX/t)t = 1+3;

thus
a
1, sc'--;-eg ¢2 B (1+352) (1.38)
or
12
Losc=7e8t Bu, ¢

*This is certainly true in the HgTe-CdTe system, where O /E)n 0.1 for CdTe
and == 0.01 for HgTe. p
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where M off is approximately one-third of the maximum value of un(x).

: 1 may be treated by the same process. Here

The case where ——fx—F%— =
L My @
the result will be
- —Bt _l+ta
An(x) Ei*uz 3 log | 1+ a %/t ] (1.39)
and
t 1+a
1 2 2 X, 2 n dx
Iy SC 2 eg t Buno £ an(l + Olnt) log[ 1+ an x/t] (1.40)

and while in this case the integral may require numerical evaluation, it is
still clear that it represents a certain average of a -

If we assume a graded region width of 10 microns, then for HgTe-CdTe,
EE* = ;- AE /t = 1,5 x 10 v/ecm; 11 is assumed to be 10-8 sec; then for a
p-type sample with u o = 20,000 cm /v—sec, L EE* * a = 3,000 microns,

whereas for an intrinsic structure with uo o = 200 cm /v—sec, tléi*u a = 30

microns. Thus the thin-sample approximation ——721?1?“ 2 0 is a very good
one for the p-type sample, whereas -—?i%—r‘“ =11/2 ° might be more

appropriate for an intrinsic sample.

Different situations will lead to different average values of @ s but
the main point is that the output current is the same as that of a constant-
mobility graded-gap device with p* = Mo eff

A similar argument applies to the intrinsic case where u* (x) 2$up(x).
Thus a graded-gap device with a linearly varying mobility is equivalent, at
least as far as output current is concerned, to a graded-gap device with
a constant mobility which is some fraction of the maximum value of the
actual mobility. It will therefore be assumed that the calculations of the
previous section can be applied to a variable-mobility graded-gap device by
treating it as a device with a constant effective mobility.

The rest of the theoretical chapter of the author's M.S. thesis was
devoted to a comparison of the graded-gap device with a standard PEM cell
made out of either one of the individual semiconductors or some intermediate

alloy. The conclusion reached was that under any realistic conditions

of illumination, the graded-gap device would be more efficient, due primarily
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to the fact that the "drift length" for excess carriers in the graded region
is much longer than the diffusion length, the ratio being given by

K|
\//AEG ueff graded gap

kT ueff standard cell

Instead of going into this, it might be more interesting to make some
comments of a preliminary nature on the absolute efficiency of a graded-gap
PEM device. These will be somewhat speculative and approximate in nature,
since the exact analysis for the case of high illumination and high magnetic
field has not yet been carried out. However, it should be possible to show

at least some of the basic limitations on the efficiency of such a device.

1.4 Efficiency of the Graded-Gap PEM Device

For a given illumination, the output power will be maximum when the
product I V is maximum. This in turn depends on the I-V characteristics.

The maximum output power for a photocell is thus usually written

Pmax - f voc Isc
where f is a "fi lifactor which depends on the I-V characteristics. As
the sketches in Figure 9 show, the fill factor for a pn junction cell can
be greater than 0.8; for the graded-gap PEM cell under consideration, the
linear I-V characteristic results in a fill factor of 0.25.

1.4.1 The case s(0) = 0, s(t) = =
Recombination will be neglected at first, for simplicity; this is

equivalent to making the '"thin sample" approximation. This results in

I - 1 eg t2 Bu

y SC 2 n eff

where g is the uniform generation rate equal to qo/t, where q, is the number
of photons per cm2 per sec incident on the sample.

The open-circuit voltage is given by

I d
SC
VOC - ISC R = . (1.41)

[ o(x)dx

o
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but for a p-type sample with equilibrium concentration P, and low injection
conditions (An = Ap << po),

t (u +u)
f o(x)dx = e P, f u (x)dx = ept -—JL-——JL——
o
S e Pyt by v
thus
1}:q Bd (u)
Voo = 3 (1.42)
oc 2| p, Oy

Now, the input power is q, EA , where EAV is the average photon energy.

sy + Egy
For the illumination spectrum shown in Figure 5, EAV - .
Thus the expression for efficieney is
l-V I eqt
n o= 4 _0C SC__ —'(Bu ) o
(EG1+EG2)d eff »p up v(EG1 + EGZ
9 2
£ 1
Now, by noting that An(x=0) = ;ﬁjg; and that thus q, = An(x=0) u pelran
the efficiency expression can be rewritten
1 2 mGe=0) u*x=0) _ “Fo
n = §'(Bu ) £f Y (1.43)
ne P Yo AV ¢l * “e2

It is obvious from the form of equation 43 that, up to a point, at
least, the efficiency will increase as the magnetic field and the
illumination are increased.

An inquiry into the ultimate efficiency of the device thus requires
a knowledge of its behavior both at high magnetic fields and at high
illumination. This analysis has not been carried out in detail, but what
follows should at least give an idea of the limiting factors involved, even
though the exact numerical values of the efficiency may be somewhat open

to question.
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1.4.2 High magnetic fields

(17)

In his treatment of conduction in a magnetic field, Smith takes the

solution to the Boltzmann equation through one further order of approximation

to include B2 terms. The net result is that in the expressions for the
By

1+ B2U2

currents which he derived earlier, the term Bu is replaced by a term

The author feels that, based on the developments in his M.S. thesis,
it is entirely reasonable to expect the same thing to happen in this case.
This would enter directly into the expression for efficiency (43).

Exactly how it will enter in is another question; since the mobility in
general will vary quite strongly in the graded region, Bu(x1)=1 may imply

Bu(xz) >> 1 elsewhere. However, even if the mobility is constant throughout

the graded region, the maximum value of —EHE—E'iS'% . So for a "best case"
analysis, it will be assumed that the 1487w magnetic field factor

2 1
(Bun)eff in the efficiency is 4

1.4.3 High illumination

High illumination will be treated by considering the resulting conductivity

modulation, and its effect on the open-circuit voltage. Since VOC = ISC R

and

e [pup(x) + oy (x)]dx

(o]
O Yt O “—rt

e [po + An)up(x) + (no + An)un]dx

Now, if recombination is neglected and a strongly p-type sample is assumed,

&n = 22- SE;%§%L

t H

and thus Q__ e t + e 22
R PotHpav t

(t-x) [up(X) + un(X)]
dx
¥ (x) &%

O

Since the material is p-type, u* x un, and if it is also assumed that
B >> up, then
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d qot
-ﬁ- = e potup AV + e 2"€'* (1-44)
Conductivity modulation thus begin to take place when
*
qo 3 26 up Av Po (1"45)
The open-circuit voltage is given now by
q d By
1 0 n eff
V.. == =% (1.46)
oc 2 PoVp AV + qO/Z 3

Thus the behavior of the open circuit voltage should be, for low illumination

1 9% Bd ("n)eff
o p AV
in other words, linear with illumination intensity q, and for high
illumination
- O
vOC EE (Bun)eff d
AE
* _1_G
and since 8 = ; T
AE
G 4
vOC e ¢t (Bun)eff (1.48)

In other words, for high illumination, the open circuit voltage should
saturate and become independent of illumination. The "breakpoint' or
dividing line between the two types of behavior occurs for a value of
- *
illumination such that q, = 2 £ up Av Por
The efficiency is directly dependent on the behavior of the open-cir-

cuit voltage. The expression is

1 2 eqt
n = = (Bu) (1.49)
8 n‘eff eqt
(Bgy * Eg) (PgHp ay * ZAEG)
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Making the previous assumption about the high-magnetic-field dependence

and let (Bun)fo = %, then the expression for maximum efficiency, occuring

at high illumination, becomes

E..~-E
1 G2 Gl
n = = o (1.50)
max 16 EG2 + EGl

Thus it is easy to see that, based on the model under discussion thus far,

it is not at all reasonable to expect efficiencies greater than 5% from any

graded-gap device operated in the PEM node, at least not with the type of

illumination spectrum we have assumed. However, it must be borne in mind

that our model makes very specific assumptions about bulk and surface

recombination. The effect of these assumptions will now be considered briefly.
Bulk recombination and the effects of finite surface recombination

velocity enter into the efficiency calculation as follows: It has been

shown that if recombination is included, the short circuit current can be

written as

Iy sc eqot (Bun)eff F(z)

2
where z = ;;%SXE- . The exact form of F(z) depends on An(x) and thus on the
surface ¢ recombination velocities s1 and Sy as well as on the spatial

variation of u*, etc. For the case discussed earlier (s1 = (), s, = o)

F(z) = Z.-

and has the property that F(0) = 1/2, F(=) = 0.

z thus brings in the effects of finite thickness t, mobility p*, lifetime

Ty and gap gradient &%, whereas the surface effects come in throush the form of
F(z). The expression for efficiency is then simply multiplied by a factor
[F(z)]z. Thus, including the bulk recombination usually lowers the efficiency.
However, it is important to remember that only a very special set of surface

recombination velocities has been considered. A simple example will illustrate.

l.4.4 The case s(0) = 0, s(t) = O

In the constant mobility case and for s

=0, s, = o, we obtained

1 2
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d qot
R - ¢ potup AV + e 2% (1.44)
Conductivity modulation thus begin to take place when
4, ¥ 2E% w4y P, (1.45)
The open-circuit voltage is given now by
9, d Bu
Voc © %' p up AQ——gq J2E* (1.46)

Thus the behavior of the open circuit voltage should be, for low illumination

q Bd (u)

1 2o 7..!.1.9.&!.
v =41 o eff (1.47)
oc 2 p “p)Av

o

in other words, linear with illumination intensity 9, and for high
illumination
- Ok
Voo = ET (Bu)ge d
AE

-5

and since Ei* - %’ s

AEG

vV, o= —

oc ™ e ““‘)gff (1.48)

In other words, for high illumination, the open circuit voltage should
saturate and become independent of illumination. The "breakpoint” or
dividing line between the two types of behavior occurs for a value of
illumination such that q_ = 2 e* My av Po®

The efficiency is directly dependent on the behavior of the open-cir-
cuit voltage. The expression is

eqt

n o= (Bu )eff YT (1.49)

(Bgy *+ Egp) (Po¥y v * 248,
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Making the previous assumption about the high-magnetic-field dependence
and let (Bun)zff =-%, then the expression for maximum efficiency, occuring

at high illumination, becomes

I U S
max 16 EGZ + EGl

(1.50)

Thus it is easy to see that, based on the model under discussion thus far,

it is not at all reasonable to expect efficiencies greater than 5% from any

graded-gap device operated in the PEM node, at least not with the type of

illumination spectrum we have assumed. However, it must be borne in mind

that our model makes very specific assumptions about bulk and surface

recombination. The effect of these assumptions will now be considered briefly.
Bulk recombination and the effects of finite surface recombination

velocity enter into the efficiency calculation as follows: It has been

shown that if recombination is included, the short circuit current can be

written as

I sc eqot (Bun)eff F(z)

y
et2
where z = Tt AR The exact form of F(z) depends on An(x) and thus on the
surface ¢ recombination velocities $1 and Sys as well as on the spatial

variation of u*, etc. For the case discussed earlier (s1 =0, s, = =)

F(z) = z-

and has the property that F(0) = 1/2, F(«) = 0.

z thus brings in the effects of finite thickness t, mobility u*, lifetime

Tys and gap gradient Ei*, whereas the surface effects come in through the form of
F(z). The expression for efficiency is then simply multiplied by a factor
[F(z)]z. Thus, including the bulk recombination usually lowers the efficiency.
However, it is important to remember that only a very special set of surface

recombination velocities has been considered. A simple example will illustrate.

1.4.4 The case s(0) = 0, s(t) = 0

In the constant mobility case and for s

=0, s, = =, we obtained

1 2
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X -t
An(x) = 8Ty 1l -e J. However, for sl =0, s, = 0, we would obtain
An(x) = 87y with

1
Iy SC eqot(Bun eff) z

thus F(z) = %-now. This means that for z 1 (not unreasonable for the

1

HgTe-CdTe system), F(z) for s, = = is e .37, whereas for s, = 0,

2
F(z) = 1; this corresponds to a seven-fold increase in efficiency. In HgTe-
CdTe this would correspond to 7/16 x irlgﬁg—— ~ 30-40%.
Obviously our assumptions start G2 Gl to break down for small values

of z, since otherwise we would have a infinitely efficient device. However,
this example does show that the efficiency of the device is quite sensitive
to the surface recombination velocities and would probably be improved by
reducing the surface recombination velocity s, at the back face. A more
detailed discussion of the effects of finite surface recombination velocities
will be possible when the equations for An(x) for the general case [which
were set up in the author's M.S. thesis] are solved.

Let us summarize this section. We derived an expression for the
efficiency of a graded-gap PEM device valid for small magnetic fields and

an for

low illumination. We then extrapolated results obtained by Smith
homogeneous materials and assumed that the magnetic~field-dependent factor
in the efficiency had a maximum value of 1/4. We also assumed that the
main effect of high illumination was conductivity modulation. We then showed
that with an input spectrum matched to give a uniform generation rate and
with the assumptions on surface recombination velocity (éi = 0, s, = )
which our analytical model includes, that the maximum efficiency* is only
slightly greater than 5%. However, we then changed the assumption about
surface recombination velocity and showed that for a case in which $; = 0,
S, = 0, the efficiency for z = 1 was seven times greater than for s, = o,
2 .
Both the assumptions on high magnetic field and high illumination ignore

some quantum effects and statistical effects. However, these should result

only in second-order corrections to the model.

*This maximum occurs for z = 0.
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Fig. 1.10 Graded-gap photocell
without magnetic field
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1.5 Operation Without a Magnetic Field

This section considers the possible operation of a graded gap deviee
without a magnetic field. Our purpose will not be to derive detailed I-V
characteristics, but just to show that a potential can be set up between
the two faces of a graded-gap photocell even in the absence of a magnetic
field.

The devices considered by Tauc, Emtage, and Segall and Pell all
operated without a magnetic field, and the conclusion reached by these
authors have already been discussed in the section on "Theoretical Back-
ground."” We will be interested in deriving the open-circuit voltage in the
x-direction by using the procedures and results of the author's M.S. thesis.

Our starting point is equation 10 (of this paper) for the photopotential
¢-¢°. B = 0, of course, and we also assume An *> const. to ignore diffusion
effects. Then equation 10 becomes

dE_ u dE d¢
d oo ya Iy An f_& v

If the material is stfongly p-type so that P, u >> n, v then

Anyp
9 (4-6)=-1 D n
x (48) = = 5+ mETY R, ) E +£7 ‘ (1.52)

Inserting the values for Ez andeg derived in cennectien with equatien 21
and integrating yields for the p-type case

H AE
n 4n _ G
Yoc b e (1.53)
P (o]
for low illumination, and
M AE
n G
V = —— (1054)
oC un+up e

for high illumination. This agrees with the results of Tauc and Emtage.

For n—-type material, the corresponding results are
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Mo an AEg
VOC =--2 22_2 for low illumination, and
L. n_ e
n o
(1.55)
un AEG f>
V..= - ——=  for high illumination f
ocC up+un e /j
For intrinsic material, equation 51 becomes
dE U -U
[ S An 1 G n_p
dx (¢ ¢o) o] + n,+An 2e dx [ H_+u ] (1.56)
i n p
and thus
u -
v = + fn kT o p for low illumination, and
oC n e u +u
i2 n p
b - AEG (1.57)
\% = 2P = g4 high illumination
ocC un+up 2e

where n,, is the intrinsic concentration at the small-gap side of the device.*
To go further than this with an exact treatment it is necessary to find
An for this situation with a net current flowing along the direction of the
gap gradient. This should present no new difficulties, but will not be
carried out here for reasons of space. Our original purpose of using the
approach developed by the author to show that a graded-gap device can operate
without a magnetic field has certainly been accomplished, and the results
agree with those of others where available. In particular, the expressions

for open-circuit voltages tend to verify the statement by Emtage that if

n
band-gap material.

uo> up, it will generally be desirable to use acceptor doping in the variable

*Equation 57 bears out the statement by Segall and Pell that for an intrinsic
device with W= up’ there is no output.
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APPENDIX A
BASIC THEORETICAL ASSUMPTIONS

1. Effective-Mass Treatment of Band-Edge Gradients

Kramer(l) has given the most detailed discussion of the effect of band-
edge gradient on carrier motion, but to find out the limitations of his
(18) in his
paper on "Electrons in Perturbed Periodic Lattices', which forms the basis

treatment it is worthwhile to review briefly the work of Slater

for Kromer's work.
The perfectly periodic semicomductor crystal is described by the
Schrodinger equation

H v (1) = E (), (k1) (A1)

where Ho is the hamiltonian describing the perfectly periodic crystal and
wo(k,r) is one of the eigenfunctions, corresponding to an eigemvalue Eo(k).
The effective mass, of course, enters in through the form of Eo(k).

If we now consider a perturbation to the perfectly periodic hamiltonian
Ho of the form

where Hl is "slowly varying', and is to be specified in more detail later,

then the new eigenvalues En are given by the equation

H ¢n(r) = En ¢n(t)
We choose to form the eigenfunctions wn(r) as a sum of Wannier functions(lg)
b= } ¢ (r;) a(r-r,) (A2)

where a(r-ri) is the Wannier function on the ith atomic site and ¢n(ri) is
an appropriate amplitude function. The form of @n(ri) is found by inserting
the expansion for wn into the SchrSdinger equation, pre-multiplying by the

- complex conjugate of wn, and integrating. 1If Hl varies so slowly with r that



page 40

it can be rcgarded as approximately constant over the atomic wave function
of an atom, then it can be taken outside the integral, and the orthogonality

properties of the Wannier functions are such that Qn(ri) is given by

[EO(V) + Hl(ri) - En] ¢n(ri) =0 (A3) )

which corresponds to a particle with an effective mass determined by the form
of Eo and with an eigenvalue En moving under the influence of an electro-
static potential Hl.
It is easily seen that whether the perturbation Hl(r) is taken to be
e ¢(r) due to some external electric field or whether it is taken to be a
position dependent band edge, for instance, H = P2/2m* + Ec(x), the problem
is the same in either case.
From here on we proceed by standard methods; that is, the center of mass
of a wave packet moves according to the classical Hamilton's equations, so
that

4

T ® = -Tm

and so forth, with the result being that the net force term to be inserted

into the Boltzmann transport equation is given by

F = - ¢ _-qi +.!‘. _d.Eg'. — '_/ﬁzkz—{ L irie_ ‘
e dx e dx l 2m. | m dx i
- e - e ’
i
?
for conduction band electrons, and (A4)
|
- - \
- de , 1 %y w22 1 9m,
Fh=el-gtes Ylom | o o !
. ax e mod M, dxy /
dE dE
for valence band holes. If the bandgap varies with position, E;E- # 5;1 ,

and the forces on electrons and holes will not be the same. For this rcason
Kromer described the forces as arising from '"quasi-electric fields."
With the references shown in Fig. 1, Ec and Ev are also called the

"electron affinity" and "hole affinity". They are properties of the material
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alone, and do not depend on such things as the doping or excess carrier
density. They are fixed once the variation in composition is fixed as a
function of distance.

The terms containing the effective-mass gradients in equation (A4) show
the tendency of the carriers to move from regions of small effective mass
to regions where the effective mass is larger. In order to eventually
compare magnitudes of currents due to gap variations and currents due to
effective mass variations, it will be assumed that the effective masses
are proportional to the energy gap. This possibility is predicted by k-p

(21)

band structure calculations if the conduction and the valence bands are

the only bands which are interacting. For the HgTe-CdTe system, at least,

(16)

the experimental results of Harman et al show that the effective masses

are very nearly proportional to the energy gap.dm d
If this assumption iaEmade, then both L ——g-and'l—-—-in equation

m dx dx
(A4) are replaced by L __Q_. e "
EG dx

Let us see what limitations the assumption that H, is "slowly

varying'" puts on this approach. Let us assume that welhave a more or less
linear variation in Ec between two values, and let us specify that not more
than 1% of this change shall occur over the extent of one atomic wave function.
Let us take this extent to be 10 angstroms. Thus the transition region

should not be narrower than 103 A or 0.1 microns in order for this effective

mass treatment to apply.

2. Boltzmann Transport Theory

Very few words will be said about Boltzmann transport theory and its
limitations because a good discussion of this topic is given by Smith.(17)
He shows that Boltzmann theory can be used to explain most "low-field"
magnetic-field effects, but that quantummechanical and other effects
arise at high magnetic fields which disagree with many of the predictions
of Boltzmann theory.

In all cases the dividing line between low- and high-field behavior
is the condition Bu = 1. It is difficult to predict precisely how these -
high-field considerations will affect the operatizg)of the graded-gap

device without further analysis. However, Lawson and Nielsen have

reported mobilities in excess of 100,000 cm2/v—sec in their investigation
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of HgTe-CdTe alloys, and it may be interesting to point out that for such a

large mobility, the condition Bu = 1 is reached for B = 1 kilogauss.

3. Quasi-Neutrality
(20)

Jonscher gives a good description of the use of the 'quasi-neutral"
"approximation in finding the electrostatic potential distribution in a non-
uniform semiconductor. This 1is a kind of "self-consistent" process in which
it is first assumed that the semiconductor is strictly neutral. The potential
is then calculated on this basis.

This treatment is exactly correct only in very special cases, because
any spatial variation in the potential gradient must be accompanied by a
net space charge. Thus the next step in the procedure is to calculate the
net space charge necessary to support the potential calculated on the
assumption of strict neutrality. If this net space charge is small compared
to the net mobile carrier concentration, then the assumption of quasi-
neutrality is justified.

In a constant band-gap semiconductor, the quasi-neutral approximation
is usually good if the doping density change is less than some specified
percentage in a certain characteristic length called the Debye length. In
a graded gap region with uniform doping, it was shown in the author's M.S.
thesis (and also in the next appendix) that the condition of self-consistency
for the quasi-neutral treatment becomes that the change in energy gap in

a Debye length be small compared to kT.
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APPENDIX B
QUASI-NEUTRALITY IN THE GRADED-GAP DEVICE
*
The electrostatic potential must satisfy Poisson's equation
- Ve(eV¢) = op

where ¢ = dielectric constant and p = charge distribution. It is assumed
that the dielectric constant does not vary in the inhomogeneous region.

(As Emtage points out, this is probably a good assumption.)

The electrostatic potential is also related to the carrier concentration

by - (B, - E; - e9)

n=N e-G =N e kT
c c

Now, since the net charge density p is given by

p = e(p-n + Nd - Na)

(N, and N are donor and acceptor concentrations, respectively, and are
d a

assumed to be completely ionized), Poisson's equation can be rewritten

2 e(é-¢;)
e 3¢ . _ i %
2 9 2 sinh [ *T '] + N (B1)
e n ax
i
= Nd ~ Na
where N = and ¢, is defined by
n, i
(B, - E; - ed)) -8,
n, = Nce kT = Nce (B2)

*This treatment follows that of Jonscher(zo) (p. 17 and p. 154) quite
closely.
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or
1 E

- 1 -5 _ -1
¢i‘ = 3 (Ec 5 Ef sz 1n Nc/Nv) (B3)

Applying the quasi-neutral approximation to equation (Bl) consists of
assuming that ¢ is given with sufficient accuracy by the strictly neutral

solution

N2t

sinh (¢-¢,) = - (B4)
(Here we have defined ¢ = ﬁ%ﬁ. This would mean that ¢—¢i would be determined
by the spatial variation of the doping and the intrinsic concentration n, .
In a homogeneous semiconductor, the quasi-neutral approximation is
enough to specify the electrostatic potential distribution ¢. However,
equation (B3) shows that ¢i contains the band edge variation as well as the
bandgap variation. Putting it another way, one would have to know the
electron affinity as well as the bandgap as a function of alloy composition
in order to calculate ¢. It will be shown later that, fortunately, as
long as the variations are sufficiently gradual, the electron affinity
does not enter into the behavior of the device.
The quantity which is determined once Nd(x)—Na(x) and EG(x) are

specified is 8(x), since equation (B4) can be converted to

N
sinh (6-61) =-3 (B5)
where
§, =L E /KT + %+ In N /N (B6)
i 2 °G 2 ¢ v

The quasi-neutral approximation is valid only when departures from

neutrality are quite smaill, and -s/ezn 82¢/8x2 is much smaller than either

i
term on the right~hand side of Poisson's equation (Bl). Two cases will be

checked for self-consistency: undoped material (ﬁ = 0) and uniformly

extrinsic material (Nd - Na = const).

*Tauc calls 6 the chemical potential.
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1. Undoped Material

For undoped material, equation B4 yields ¢-¢i. The condition of self-

consistency may then be written as

2¢
€ d i

Ny g2

<< 1,

Substituting the value of ¢i from equation (B3) we have

kTe d (f_g'Ef'EG’Z)_k're d_ E!g_(iq_g) « 1
2 2 kT 2 dx Nc dx Nv

e n1 dx e ni

To keep the situation from becoming overly complicated, a linear variation
of band edges will be assumed; this eliminates the second derivative of

EC and EG from equation B7. Also, since we are considering the equilibrium
case, dEf/dx = 0. Thus we are left with

N N

2 d v d c
Li dx N dx (N ) <<2

c v

/2

where Li = (kte/ezni)1 is called the Debye length. If we assume a linear

variation in Nc/Nv’ i.e.

Nc Nc Nc X
T L N
v vo vl “io

where Lio is constant and is equal to the Debye length somewhere in the graded

region, then the self-consistency condition becomes

N, 2
(35
. N"l << 2 (88)
P S X
G D) |
v o vl "io

In other words, if Nc/Nv changes only a little in a Debye length and if the
departures of Ec and Ev from linearity are small in a Debye length, then the
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undoped graded—-gap region may be treated by the quasi-neutral assumption.
As pointed out in the author's M.S. thesis, none of these are drastic

ok
assumptions.

2. Uniformly Doped Material

The second case to be treated is that of Nd—Na = constant and large
enough so that |N| >> 1 everywhere. If an almost-linear bandgap and an
almost—constant Nc/Nv are again assumed, the situation is exactly the same
as that treated by Jonscher, p. 154, the condition for self-consistency is
that the relative change in N within an extrinsic Debye length* LN be small.

This means

1 dN
.N dx LN <l
but
Qﬁ_ ) 4 (Nd-Na) SR ¢ 1 dEG 1 ch
dx dx n, 2kT dx Nc dx

To estimate the relative sizes of these terms, it is again assume that m

is proportional to E

¢’ The term 1/Nc ch/dx then becomes 3/2 1/EG dEG/dx
and
R B TP X
dx 2kT dx E

G

The self-consistency condition then becomes

LN dEG

2kT dx

(1 -%—T—)!« 1
G

As long as EG > kT, this will be satisfied 1if

2

AL = Lzlﬁ = ekT/eZn where n N, -N_.
**gin iN = const X m 3/2 and N d' co:st m 3/2 (N / (m_/ )3/2
ce N, n " v X b ’ c Nv) = const (m mp .

Then if we make the assumption discussed in Appendix A that the effective
masses are each proportional to the energy gap, the ratio (N /N ) would
indeed be constant. c v
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d(EG/kT)

E?;?E;T‘ << 1 (B9)

That is, the change in bandgap in the space of an extrinsic Debye length
must be much less than kT.

As an example of what all this means, 1f at room temperature and a
doping of 1.017 cm-3, LN is approximately 10-6 cm for CdTe. If we assume
that EG changes by 1.5 ev in 10-3 (10 microns) then the change in EG in one
Debye length is a little less than 1/10 kT. Quasi-neutrality is just barely
preserved. Smaller band-gap gradients and heavier doping improve the
assumption.

It is interesting to note that although quasi-neutrality in the above
example was valid only for transition widths greater than 10 microns, the
effective-mass treatment and the resulting force expressions are valid for
transition widths of 1/10 micron and probably less. Thus it is valid and
perhaps worthwhile to consider in the future other ways of obtaining the

potential distribution besides that of assuming quasi-neutrality.
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1.6 List of Svymbols

B = magnetic field strength

Dn = electron diffusion constant
Dp = hole diffusion constant

D* = effective diffusion constant
EC = conduction band edge

Ef = equilibrium Fermi level

Eg = energy gap

= valence band edge

m ™
[}

electric field strength

Fe = force on electrons
Fh = force on holes
g = rate of generation of excess carriers
i = h/2m = Planck's constant
H = Hamiltonian
I ,I = currents
Xy
J ,J = electron current densities
nx’ ny
J ,J = hole current densities
PX" py
k = Boltzmann constant
k

»k_,k = wave vectors
x'y’z

k| = &2+ k2 +k2
x y z

L = diffusion length
* = effective mass
= effective mass of electrons

T

mh = effective mass of holes

n = total electron concentration
n

= equilibrium electron concentration

o
An = excess electron concentration
2nmekT 32
Nc = 2 2 7 = effective conduction band edge density
h
2mm, kT 3/2
Nv = 2 5 = effective valence band edge density

h




o>

T v X 2
o oW

P

L

< e 0 o Y

X

£

Xy Y2
Yy =-
§ = -

T

T

¢

£
n
6
A
n
H
u*
p
o

1

acceptor concentration

donor concentration

total hole concentration
equilibrium hole concentration
excess hole concentration
momentum

incident photon flux

surface recombination velocity
length of graded region

= terminal voltages

width of sample

= Cartesian coordinates

1n p/Nv

1n n/Nc

dielectric constant

efficiency

By = Hall angle
wavelength

electron mobility

hole mobility

effective mobility
charge density
conductivity

relaxation time

excess carrier lifetime
electrostatic potential

electron wave function
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JAMES CONLEY

CHAPTER 2

THE OPTICAL ABSORPTION EDGE IN CADMIUM TELLURIDE

2.0 Introduction

Detailed measurements on the temperature and energy dependence of optical
absorption near the fundamental edge in CdTe have been performed. The process
which was hypothesised on the basis of preliminary measurements, i.e., absorp-
tion of photons by excitons with assistance from LO phonons, has been

(1)

confirmed. One significance of this identification is that the existence
of a band structure model which has a "direct'" forbidden energy gap is also
confirmed. These considerations are consistent with the results of D.T.F.
Marple and B. Segall in their independent investigation of the optical

properties.(z’B)

2.1 Experimental Considerations

Precise measurements of both energy and temperature are required. The
sensitivity with respect to temperature arises because the magnitude of the
effect is proportional to the (Bose) occupation probability of the LO phonon

modes, i.e.,

T = 1 - e-e/T
8/T -
e -1
where
8 = 247°K

is the '"temperature' of the modes. Further, the magnitude of the optical
absorption coefficient varies over several orders of magnitude in an energy

range comparable to the LO phonon quantum

thO = k6 = ,0213 ev.

This necessitates both precise measurement of the photon energy and
establishes the requirement of high resolution.

To establish isothermal conditions at the low temperature required, an
optical cryostat was constructured in which the sample was immersed in helium

exchange gas.
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2.1.1 The optical cryostat

(4)

A metal helium dewar of commercial manufacture was modified to
provide a low temperature environment around and access to the transmission
sample. The details of this are represented in Figure 2.1. The sample on
its supporting structure fits into the inner most tube. This tube is filled
with helium gas. The gas is cooled by contact with the lower section of the
tube which is made of copper. Provision is made to cool the tube through
a thermal "leak" to the helium reservoir and to add heat electrically for
the purpose of adjusting temperature. For economy, the "heat leak' was
made of annealed copper wire which has a negative coefficient of thermal
conductivity. The thermal time response of the system is long, on the order
of 15 minutes. Automatic control means were not required. The system was
capable of operating in a constant power mode for 20 minutes with + .5°
maximum thermal fluctuation. Equilibrium is established in 15 minutes.
There is, however, an additional factor which contributes to this performance.
The heater resistor(s) has a negative coefficient of electrical resistance
and is supplied from a relatively high impedance source. This arrangement
proved useful both in reaching and maintaining the required equilibrium.

The supporting structure was provided with nylon brushings to prevent
excessive communication of heat from the ambient. A low temperature of
16°K could be attained in the exchange gas mode. Liquid helium transferred
directly into the inner tube provided an optically quiet 4.2+°K environment.

Optical windows were of Pyrex which is a satisfactory transmission
medium in the .8 micron wavelength range. The 'cold window" was a reworked

(6)

Kovar of Pyrex seal of commercial origin. No difficulty with thermal
mismatch was encountered with this type of window. Helium could be pumped
to below the A point without experiencing a superfluid leak.

A radiation shield which is made of heavy-walled copper tube and is
cooled by contact with the liquid nitrogen reservoir surrounds the inner
tube. Slits were milled in this shield to provide optical access.

The sample is exposed to ambient radiation over .77% of the total solid

angle.
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2.1.2 Thermocouple thermometry

A premium grade Copper-Constantan thermocouple(7)was calibrated with
respect to normal points of melting ice, boiling helium and boiling nitrogen.
(8)

The reference data of Powell et al. corrected with a quadratic function

based on this calibration was used for interpolation.

2.1.3 Spectral calibration

The monochrometer was calibrated against emission lines from a cesium

lamp. Established wavelength values(g) were converted to their equivalent
energy by the relation(lo)
1.23978
E . ——————
(ev.) A(u)

(11)

The grating employed was nominally ruled at 1200 lines per mm. The

theoretical dependence of energy on micrometer drum number, N, is

A

sin AZ(N-A3)

E(N)

(The grating angle is very nearly proportional to the drum number, N.)

A least square error fit(lz)

of 9 calibration points to this dependence
yielded a standard error of +.00007 ev. The calibration data and parameters
obtained are shown in Table 2.1. The parameters so obtained were used in

subsequent interpolation,

2.1.4 The exciton position

The temperature dependent of the lowest exciton energy is required in
normalization of the reduced data. This is known from emission and reflec-

(13)

tion measurements. For the purpose of interpolation, the known positions

were fit empirically with the function
2 0y 11/2
E(ev.) B1 - [B2 + B3 T (°K) ]
A least equare error of .0002 ev. was obtained for the data and parameters
shown in Table 2.2.



page 56

Drum Number
1.278
2.531
3.158
3.710
7.615
9.766

11.414
13.505
13.839

Parameters Obtained

Energy in ev. of Cs lines

A1 = 72389922

A2 = ,00754939

A3 = 61.3600482

1.5894152
1.5606279
1.5466876
1.5345764
1.4549529
1.4150510
1.3862358
1.3516654
1.3463489

Rb impurity

Table 2.1 Cs calibration data and parameters for spectral
calibration of 1200/mm grating in a Perkin-

Elmer model 99G monochrometer




page 57

Temperature Exciton Energy
(°K) (ev.)
2.1 1.5955
24, 1.5946
39. 1.5930
63. 1.5890
80. 1.5848
90. 1.5827
102. 1.5794
115. 1.5750
130. 1.5691
|- Parameters

B1 = 3,155764788

B2 = 2,434919089

33 = ,0000048787

Table 2.2 Exciton energy in CdTe vs. temperature and parameters
of an empirical function for purposes of interpolation.
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2.1.,5 Aquisition, reduction, and normalization of the experimental data

The physical process hypothesised dominates in determining the observed
dependence of optical absorption on energy and temperature. A demonstration
of this is effected by a systematic procedure of reducing an normalizing the
experimental data.

Absolute transmission values were measured by a sample—-in, sample-out
method for several sample of various thickness. Factorial data was obtained
as a continuous record of transmitted intensity vs. wavelength drum number
for several temperatures (thermocouple voltages). Similarly, a continuous
record of transmitted intensity for the sample-out condition was also taken
to provide reference values. This was taken on a relative scale. Normaliz-
ation was provided by a single sample-in, sample-out measurement at a fixed
wavelength drum number for each sample and temperature involved. Because
of the convenient appearance of wavelength markers at each 0.1 drum number,
this was adopted as the mesh in sampling the continuous record. A data
point results at about every 0.0023 ev. in energy.

The large amount of data generated and the requirement of retaining
the precision inherent in the measurements necessitated the application of
digital computer techniques. To illustrate the method, a sequence of four
graphical figures has been prepared. The sample chosen for this example is
one of five for which detailed results are reported. This particular sample
was chosen in order to demonstrate both the range of agreement with an
existing theory and the departure from agreement.

In reducing the experimental data, the quantity of physical interest
required is the temperature dependent component of the bulk absorption as
a function of photon energy, hv. The surfaces of the samples are
chemically prepared. This results in an irregular surface. A discussion
of the motivation for this preparation appears in section 2.1.6. One
consequence of this is that the multiple reflection correction required
in obtaining accurate values of the absorption coefficient for small
losses is not readily applied. However, this information is not required
as an intermediate quantity in obtaining the result of importance.

The first step in the reduction is to process the experimental data
to produce values of the absolute transmission as a function of photon

energy and temperature, i.e.,
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tabs (hv,T)

Next, values of the function

athv,T) = - %'log (tabs)
are computed. The results of this are shown in Figure 2.2. Also shown are
positions of the exciton for the temperatures of measurement.
The temperature dependence arising from the shift of the exciton (or
alternately stated, the band gap) is removed by normalizing the observed
absorption with respect to energy. This is most conveniently done by

introducing the coordinate

A = EO(T) - hv

The results so obtained are shown in Figure 2.3.

The remaining temperature dependence of the absorption at 41.7, 57.1,
and 72.°K, is proportional to the (Bose) occupation probability of the LO
phonon modes, n. This can be demonstrated in a sequence of two operations.
The temperature dependence which appears in comparison of the 4.2 and 29.2°K
data is finite but far too small to be proportional to n. For this reason,
the 29.2°K data is considered to be a ''background" arising from unspecified
processes. When these values are subtracted from those of the higher tem-
peratures, the results shown in Figure 2.4 are obtained.

In performing this subtraction, it is apparent that the gradually in-
creasing dependence of absorption on energy as shown in Figure 2.2 is
removed. Another feature of this procedure is that a correction for reflec-
tion is effected. This is similar to that correction which is made when the
absorption values from a thin sample are subtracted from corresponding values
from a thicker sample.

That the component of absorption obtained in this manner is proportional
in magnitude to the phonon occupation, n, is demonstrated by dividing by n
and plotting as shown in Figure 2.5. Also shown are theoretical results for
the process in which excitons with the assistance of one LO phonon produce

absorption. It is apparent that the higher absorption values converge to
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agree with this theory. However, a component appears below the predicted
"one phonon threshold" which also is observed to exhibit a magnitude which
is proportional to the occupation probability of one LO phonon.

this pattern of behavior was observed on several additional samples
for which a composite presentation is shown in Figure 2.6. The quantitative
agreement of theory and experiment is satisfactory over a substantial range
of values. However, it is also apparent that another process involving one
LO phonon is effective in contributing in the range of energy below the
predicted threshold.

For purposes of comparison, the experimental results of D.T.F. Marple
are shown in Figure 2.7. The only significant disagreement between the two
sets of results lies in the magnitude of the component of absorption below
the threshold. The qualitative dependence, however, appears to be similar.
The difference of behavior between material‘of different sources suggests

that a defect of impurity of variable concentration is involved.

2.1.6 Surface preparation

Transmission samples were lapped and then polished to a final finish
with 0.5u chromium oxide on a silk wheel. However, the residual damage
causes an observable amount of optical absorption. For this reason, a sub-
sequent chemical preparation was employed. The etch consisted of 3 parts

(14)

concentrated HZSOA and 7 parts saturated K A total

ZCr207 [by volume].
time of 8 minutes removed approximately 60u from each side. The last minute
of etching was carried out in fresh solution.

A comparison of two samples with surfaces which were mechanically and
chemically prepared in the manner prescribed is shown in Figure 2.8. There
is a difference between the two samples which is much larger than could be
caused by the approximate means used to obtain the absolute bulk absorption
values.

A difficulty arises in interpreting the transmission data for samples
with surfaces which are irregular as a result of etching. For small absorp-
tion values, a multiple reflection correction must be applied. The reflections
are accompanied by a large angular scattering. This is characteristic of the

statistical distribution of angles present on the surface. Snell's law

predicts a magnification of these angles by at least a factor n, the optical
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300 |
e B2113-2-D
.0107 cm.
polished
200 o B2113-2-B
a .00813 cm.
etched
(cm-.l)

o / /

Fig. 2.8 COMPARISON OF RESULTS FROM AN ETCHED
SAMPLE WITH THOSE FROM A POLISHED ONE

1.59
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index, on transmission for the medium.

The solid angle subtended at the sample position by the access windows
must, in order to minimize heating by ambient radiation, be small. As a
consequence, some of the transmitted radiation is intercepted. This results
in an imperfect measurement of the absolute transmission. The maximum angle
that an axially symmetric distribution of transmitted radiation can have, and
not be intercepted, is 3.5 degrees.

2.2 Theoretical Considerations

2.2.1 The relation of observed transmission to bulk absorption

For a transmission sample with plane and parallel surface the relation

between absolute transmission, t, and specific bulk absorption aD is(ls)
2
(1-R)
¢ D _ 2 -oD (2.1)
e -R e
or alternately stated,
2 2 2 1/2
oD = log LB 1,4 R £y (2.2)
t 2 (l—R)z

where R is the reflectivity a dielectric discontinuity of n, the index of

refraction, i.e.,

n_-l)z

R = (n+1

(2.3)

In recovering the temperature dependent component of absorption, a sub-
traction was made in order to correct for the effects of reflection. Denot-
ing by primes the parameters associated with the lower temperature this

procedure written in the formalism of equation 2.2 is
2 . 21/2

1+ [1+ —ZLR—E-[]
' (I‘R)

aD-a'D = log %' + log

(2.4)

The quantity log ./ is effectively that which is directly observed, and
aD-a'D is the physically significant value of importance. The remaining
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term in equation 2.4 provides an estimate of the error inherent to the method.

In the worst possible case, i.e.,

t' = 0
t = ¢t = (-R)
max (14+R)
the specific error is
2 1/2
€ = 10g%{1+[1+ﬂ-2—5]
(1-R%)

With R = .25 corresponding in equation 2.3 to an index of refraction, n = 3,

the error is

e = 0,0552
That this is a small error can be seen by a simple example. Consider

D = .01 em

o-a' = 100 cm—1

which are values typical of those used, then the error,

a = e/D = 5.52
in a worse case estimate, is of reasonable proportion.

However, in cases studied, the effect of mechanical damage has required
that chemically prepared surfaces be employed. If a measure of absolute bulk
absorption were required, imperfections peculiar to the etched surface would
cause a serious problem. For small specific absorption, a multiple reflection
correction must be made. When the surfaces are irregular, reflection is
accompanied by scattering. Even if an exact statistical description of the
surfaces was available, this correction would be formitable.

It is important, however, to understand the general features of trans-
mission through an optical medium which lacks the ideal geometry of plane and
parallel surfaces. Accordingly, a description of the situation has been
formulated in statistical terms and a numerical solution of the model obtained.
From this the conclusion can be drawn that the contribution to the transmission

by multiple internal reflections is relatively less important in the case of
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imperfect surfaces.

The problem is formulated physically in terms of the off-normal incident
of electromagnetic radiation on a dielectric. Here, within the range of
validity of geometric optics, boundary conditions provide vector relations
for the transmission and reflection. The medium is taken to be optically
inactive so that an averaging over polarizations is a meaningful simplification.
A large angular dispersion upon leaving a medium of high refractive index
arises as a consequence of Snell's law.

The statistical features of the surface are generated by scanning a
geometric model. In particular, a surface is described as being uniformly

dovered by "mounds" of the analytic form
z = S(x2 + y2)

where S is a very small constant = .05. Viewed from within the medium a
cross sectional appearance is shown in Figure 2.9. When viewed from an angle
of incidence, ei, part of the surface is "shadowed". The "illuminated"
portion, when scanned by superposing a mesh and evaluating the surface normal
vectors at the mesh points, provides a statistical distribution.

The logic of the calculation is shown in Figure 2.10. The distribution
of transmitivity which is axially symmetric is shown in Figure 2.11. Results
are shown for one value of the parameter S and for the initial and first
order of internal reflection. In the geometry of Figure 2.9, this distribution
is intercepted by a slot.

The absolute transmission for the surface parameter indicated and a slit

angle es = 3,5 for the initial and second orders of transmission are

S = .02
es = 3,5°
Order Transmission
0 . 3555
1 .0088

This is to be compared with the case of perfect surfaces where



page 68

NOILYINDTYD NOILD3I143¥ ITdILINW FHL ¥04 D101 oLz 64

s3Tnsax jutad

Juatorzins
Koeanooe
ST

umIpaw o3juy
joeq 3097381

Y

uoIjeNUaIIL YITA unipam mwoxy

untpam y3noayl UoTSSTWSURI]
joeq ssed 93eTNINOOE
uoljenualje

aoejans juoay
e 3231391

YiTa unipsu
yZnoayj ssed

1

unipaw o3jut
uoissTWSURI]
@3eT3ITUT

ased
auo 103 |=<

eIep peal |

13AOW IDVAINS FHL 4O AYLIWO3IO 4T Big

fex
Juap1oul

N

10393A
1ewxou
aseyans

fea

Juapyouy

’ucﬂon
ysowm




page 69

NOILI33743Y TVNYIINI 40 ¥3Q¥0 1S4 IHL ¥Od4 ANV ATIVLLNI
ALIIEVEOYd NOISSIWSNVIL aI¥3LIVIS 4O NOILngriLsia 1-g *6id

S00° |

0" =S




page 70

Order Transmission
0 . .5625
1 : .0351

It is apparent that both the magnitude of the zero order and the relative

magnitude of the first order are less in the case of imperfect surfaces.

2.2.2 Contribution to the optical absorption below the "one phonon threshold"

The threshold predicted by theory at one quantum of LO phonon energy
below the exciton has been observed to be "soft". The mechanism responsible
for this cannot be uniquely assigned. However, the behavior exhibited does
provide a basis for analysis. The properties of the anomolous optical
absorption are:

1. The temperature dependence is characteristic of a one LO phonon

absorption.

2. The magnitude of the effect varies according to the source of

the material.
From this two deductions are made:

1. An optically active level exists, the excitation energy of which

lies below the lowest exciton energy.

2. The origin of this level is associated with a defect or impurity,

the concentration of which can vary.
The energy of the level, Ei’ can be roughly fixed as lying one quantum of
LO phonon energy, thO’ above the region of observation, i.e.
Eo = Zhupg < By < E, - hup,
where Eo is the excitation energy of the lowest exciton. Alternately stated,
the "binding energy" of this level is
E, = Eg - E
Numerically, this binding energy is expected to be about

Ed = 0.025 ev.

where, for purposes of comparison, the binding energy of the lowest exciton
is about
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E = .01 ev.

Since the binding energy is small, the level may be described in terms of

(16) Since there are no known acceptor levels

effective mass particles.
having a binding energy with respect to the valence band edge less than that
of the C, vacancy, 0.15, ev., the center involved is not an acceptor. However,
De Nobe1?17) quotes a possible donor level at 0.022+ .002 ev. Since the
hydrogenic model of a single charged donor predicts a binding energy of about
.01 ev., his level probably arises from a doubly charged center in analogy

(18) The shallow levels of such a center would have a binding

with atomic He.
energy of about 0.025 ev.

In the absence of more detailed information, and approximate model for
the purpose of estimating an optical matrix element is taken to be that of 1ls
hydrogen. In a quantitative calculation of the absorption arising from such

a center, two disposable parameters are required, E, the binding energy of

d

the level and, n its concentration.

s

Transitionsdfrom all valence band states are allowed in the first order,
i.e., in the absence of phonon assistance. Dumke has considered this case,
in detail.(lg) In the second order case, the valence band provides initial
states, and the conduction band the intermediate states. The final states
are electrons bound to the donor center. This process is schematically
illustrated in Figure 2.12.

Bound levels contain components from all Bloch states. In the effective

mass approximation(lg) the hydrogenic wavefunction for the model assumed is
3 ~-1/2 -r/av
w(r) = (ma)) u (r) e
This can be expanded as
ik .r
w(r) E Akc u (r) e

c

where Ak may be found by Fourier transformation as
c

A, = 8 (1ra(31/V)1/2 a+ 3(21 ki)'2

o4
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Derivation of optical absorption by second order perturbation theory
requires calculation of matrix elements connecting initial and intermediate
then intermediate and final states and a subsequent summations over the
density of initial states and over final states. The initial and intermediate

state wavefunctions are

ik_-r
-1/2 \
wo \' uv(r) e
and
ik -r
-1/2 c
¥y v uc(r) e
The photon interaction Hamiltonian is
= & z_ P
H(hv) m (2nv) z

and the corresponding matrix element is

The final state wave function is

-rf/a

-1/2 uc(r) e

be = (ﬂag) d

and the LO phonon interaction Hamiltonian is

R 1l iq-r
H(tho,T) H (tho,T) q e
where
hw 1/2
' - o1 1, _ 1
' (hey o, T) e {5v - T}
o s e LO -1

The matrix element is
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= H' 3,4 1/2 2.2
Hey = H' 8(may/v) (1 + aj k)

-2
The transition rate arising from all LO phonons of the spectrum is
2
H., H
2 fi io
We = nm LIL g oy | (Bgghy —hup)
q 1 io

The summation may be converted to integration by

ol
= dl
1 (2m)3

The density of initial states, valence band electrons, is

3/2

g8) = /2m’ (m /mDH g2

where
R k2
v

v 2mh

The number of final states is in the limit of zero (Fermi) occupation

Nd = nd A

The resulting expression for the optical absorption written in a normalized

form is
a,(hv,T) = a 1
a7 do thO/kT
(e -1)
) . 12
E Ed + thO h
Eg - Ed
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3
2 hv 27 e2 £:z2 2 8"ad
ado = 2 Tt 2 2 iP vl v
n ce E h m (2mv) ¢
o z
2V ‘e " &’ %
© s
2 =2 g d)
(27) h
2
2m, 3y v o1
( ) *—5 =3 °'nyV
=2 2 3 d
h 2n a
d
2
th a
- d - -
A = —5 (Eg Ed hv)
h
and
2mh a2
' m _ d 1/2
X a, kV = 52 (Eg Ed + tho)

Numerical means were employed to evaluate the expression.

To effect a

comparison with the process involving excitons a common energy coordinate

is required. Consider

! = —
A Eg Ed

as a measure of photon energy with respect to the direct excitatiom.

similar quantity

A = E -E - hv E
g X

appears in the process involving excitons.

coordinate of energy

A' =

E

a- Ex + A

o

i

- hv = E, = hv

A

- hv

In terms of A as the common

The temperature dependences are the two process are the same and a fully

normalized form
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thO/kT _

a () = ay(8T) - (e 1)

can be similarly be employed. The results of evaluation for the parameters

E = .022 ev.

d
nd = 2.5 x 1015 cm_a

presented in the normalized form along with the corresponding quantity for
the process involving excitons is shown in Figure 2.13. Also shown is a line
which represents the dependence of the effect observed experimentally and
previously reported in detail.

A unique identification of the mechanism actually involved cannot be
made. Thus, this calculation series primarily to show how sensitive the
presence of a sharp threshold is to a relatively small concentration of
donors having the properties described. However, a level actually exists
with the binding energy required.

In a sample of relatively poor optical quality, a line structure was
observed. Further, the observed structure did show a magnetic field depend-
ence. The optical absorption for the sample in question is shown in Figure
2.14. The positions of the (weak) absorption peaks which appear as "humps"

on a monotonically increasing background are
Ep(O) = 1.584 + .001

Ep(Sw/mz) = 1.586 + .0005

With an exciton energy, Eo = 1.5955 + .0005 ev., and a binding energy of

E_= .01 + .001 ev., the binding energy of the observed level, E,, is

d’
E, = E0+Ex—Ep(O)

= 0.0215 + .0025

Thus the presence of an optically active level having an energy consistant

with that of the model previously assumed is demonstrated.
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Fig. 2.14 OBSERVATION OF AN ANOMALOUS MAGNETO-OPTICAL EFFECT
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NGUYEN DUC CUONG
CHAPTER 3

A MULTI-TRANSITION PN JUNCTION PHOTOVOLTAIC CELL

3.0 Introduction

High efficiency solar cells can be achieved with a proper material which
provides a good match to the solar spectrum. Direct transition processes
make use only of photons with energy equal to or higher than the energy gap.
Indirect transition processes, made possible by the presence of impurity
levels in the forbidden gap, can absorb low energy photons and bring them
to the conduction band.

The basic problem is the study of the relevant properties of the material,
such as impurity concentration and location in the forbidden gap, capture
cross section, and the engineering of the most favorable material in order
to achieve the maximum efficiency. Little is known about the physical
properties of traps deliberately added to the material, especially high

concentration traps.

3.1 The Material

CdS has been chosen as the most suitable material. Workers in the
field have reported an efficiency as high as 7 or 8 percent with solar cells
made out of CdS. CdS single crystals are orange in color and very photo-
sensitive. They can be handled easily and are not brittle. Some properties
of CdS are listed below:

Energy gap : 2.42 ev. at 300°K

Hall mobility : 300 cm2/v01t sec at 300°K

Resistivity : 1 to 100 ohmcm (bought from Clevite Corp.)
Melting point : 1480°C

Effective mass of free carriers: .2mé for electrons

2.1me for holes

Available data on impurities in CdS shows that the material has much
promise,
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3.2 Contact Making and Sample Preparation

The crystals are cut by sandblasting to 1 mm x 2mm x 10mm, then cleaned
with acetone and distilled water. Ohmic contacts can be obtained with
indium. An ultrasonic soldering iron gives better results than electro-
plating. Indium does not addhere well at first, and very high contact
resistance arises. If the heat is applied long enough, the contact resistance
can be observed to decrease drastically from about 100K to 50 ohms. The
soldering iron, the solder and the sample should be very clean in order to
insure ohmic contacts which can be tested on a curve tracer. A straight

and symmetric characteristic means that the contacts are ohmic.

3.3 Hall Measurements

Hall measurements have been performed in order to determine carriers
concentration, hall mobility and conductivity, at room temperature and as a
function of temperature, from liquid nitrogen to room temperature.

The results agree with published data. The resistivity has been found
to be 3.0 ohmcm at room temperature. Such a low resistivity is favorable.
The plot of mobility as a function of temperature shows that imperfection

3/2

scattering is dominant (uaT”’“). The material is strongly n-type. At 77°K

the carrier concentration is 1015 cm3°

3.4 Photoconductivity

Trapping action and recombination processes can be studied using the
relaxation kinetics of the photocurrent and its steady state under the
excitation of short light pulses. A typical oscillogram of the photocurrent

is as shown.
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It can be observed that there are two distinct decay time constants:
One very short, of the order 10 microseconds, comparable to the decay time
of the light pulse which makes it hard to draw any conclusion, the second
decay time is of the order 20 milliseconds. It is also observed that only
high illumination shows a strong difference between the two regions. These
observations agree with the results found by other workers (Soviet Physics-

Solid State, Vol. 5, no. 2, Aug. 1963 p. 289 and no. 1 July, 1963 p. 174).

3.5 Some Conclusions

There is some fast action due to shallow traps. At low level excitation,
trap concentration is high enough to recapture all freed electrons, only
one decay time is observed. At high level excitation, deeper traps come
into play. When all shallow traps have been filled, electrons are captured
by deeper ones, giving rise to a much longer decay time.

We are interested in those deep traps and would like to investigate
further on their nature. An experiment shall be designed to learn about
their location, their capture cross-section and their concentration. If
they prove to be effective photon-interaction centers and stepping stones
for electrons from the valence band, possible ways of incorporating them

into the material shall also be investigated.
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CHAPTER 4

THERMAL AND ELECTRONIC TRANSPORT PROPERTIES OF ZINC ANTIMONIDE

4.0 Introduction

Zinc antimonide is an anisotropic semiconductor with good thermoelectric
characteristics in the moderate temperature range.

The objects of this work are to gain information about the basic electronic
conduction processes in ZnSb through thermoelectric and galvanomagnetic
studies of single crystal samples and to empirically evaluate the thermo-
electric properties of ZnSb near room temperature.

Large single crystals of ZnSb have been produced. Copper is used as an
acceptor dopant. A number of attempts to produce n-type ZnSb by doping
with Al, Se, or In have failed. All electrical and thermal measurement
programs are progressing satisfactorily. Thus far, measurements on this
orthorhombic semiconductor indicate no anisotropy in the thermoelectric
power, about a 20 percent variation in the thermal conductivity, and a 200
percent variation in electrical conductivity between the three principal
axes. Due to the relatively large anisotropy in the electrical conductivity,
electric and thermal currents should be along the ''¢" axis of the crystal

to give the largest thermoelectric figure of merit.

4.1 Macroscopic Symmetry Considerations in the D Point Group

2h
It is obviously important to have a knowledge of the number of independ-

ent tensor elements required to characterize the physical properties of a

crystalline material before measurements are begun. Using symmetry con-

(1)

siderations, Nye has tabulated the possible non-zero tensor elements
for the common physical properties of crystals in each of the 32 point groups.
This tabulation does not include properties which relate to dependence

upon magnetic field strength. Reed and Marcus(z)

have published the non-
zero tensor coefficients of an expansion of the electrical resistivity up
to second order in magnetic field strength for the D2h point group. In
the principal coordinate system of the crystal, there are 3 independent
zero magnetic field resistivities, 3 independent Hall coefficients (when
Onsager symmetry is included), and 12 independent magnetoresistance

coefficients.
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Since higher order terms may appear in the experimental data, a cal-
culation of all of the possible non-zero tensor coefficients in a phenomeno-
logical expansion in the magnetic field of a second rank tensor was made
for the D2h point group. The calculation includes terms up through those
of 4th order in magnetic field.

The results of this calculation are given in Table 4.1 along with an
example of the use of the table. Onsager symmetry has not been applied
in this table. Hence, it can be used for any physical property which can
29 CdSb, gallium and
materials with the Olivine structure are a few crystalline materials that

be represented as a second rank tensor. Benzol, TiO

have the same point group as ZnSb.
When applied to electrical resistivity Onsager symmetry requires that:
oij(ﬂ) - oji(-H)
where H is the magnetic field intensity vector. Hence, using Table 4.1 along
with this additional symmetry consideration, the electrical resistivity
may be written down immediately. Assigning subscripts according to the

following table of permutations:

i i
1 2
2 3
3 1

N oW R

where 1, 2, and 3 are the principal directions in the orthorhombic crystal
unit cell, the electric field which is produced by an arbitrarily oriented
electric current density may be written as:
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4.2 Magnetic Field Dependence of the Hall Effect and Magnetoresistance
in P-Type Zinc Antimonide

4.2.1 Hall effect

The Hall effect has been measured in undoped (p = 3 x 1016 cm_3) and

copper doped (p = 4 x 1017 cnr3 and p = 1 x 1019

cm-3) ZnSb at room temper-
ature and at liquid nitrogen temperature for magnetic fields between 250
gauss and 12.5 kilogauss. The measured Hall voltages were linear in B,
showing only an apparently non-systematic + 2 percent maximum deviation
from a linear field dependence. These fluctuations are within the

experimental accuracy of the measurement.

4.2.2 Magnetoresistance

Magnetoresistance has been measured in the undoped and the lightly copper
doped samples referred to above at liquid nitrogen temperature for magnetic
field densities between 8 and 12.5 kg. The magnetoresistance follows a
simple B2 magnetic field dependence within + 5 percent. This is within
the experimental accuracy of the measurement. No systematic deviations
from a B2 dependence are observed in the magnetic field range of 8 to 12.5
kg.

4.3 Carrier Precipitation in Undoped P-Type ZnSb Crystals

Most of the researchers who have worked with single crystals of ZnSb
have reported that the carrier concentrations increase with time when the

crystal is held at elevated temperatures. This observation was first made

(3)

by Kot and Kretsu in 1958 and is very apparent in their published data.

This behavior was also noticed by R. Mazelsky in 1960.(4)
(5)

More recently
in 1964, Komiya, Masumoto and Fan,
Justi, Rasch and Schneider(G)

have mentioned the same observation.
do not report this behavior, but neither
do they report any high temperature data.

The only explanation of this observation was advanced by Kot and Kretsu
who said that the crystals were possibly subject to "thermal dissociation".
However, they and Mazelsky report that the apparent carrier concentrations
would slowly decrease with time under room temperature storage.

This behavior of ZnSb has been observed and some preliminary results
will be reported. At this time it seems reasonable to hypothesize that
this process is similar to the precipitation of Te in PbTe crystals which
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@)

has been reported by Scanlon.

Our experiments are conducted by annealing Hall samples of single
crystal ZnSb in an open tube furnace. The ambient atmosphere is either
nitrogen or argon with a flow rate of about one s.c.f.h. The results
are not dependent on which gas is used. Annealing temperatures have been
varied between 65 and 240°C and it has been found that an equilibrium
condition is apparently reached in several hours of annealing time.

Most of the data has been taken on samples that are annealed with the
electrical contacts in place. The electrical contacts are copper wires
soldered with 50-50 lead-tin solder using Rosin flux. A typical experi-
mental run consists of measuring the room temperature Hall effect and
resistivity of the sample, demounting from the sample holder, washing the
sample in trichlorethylene, acetone and methyl alchol, annealing, air
quenching to room temperature, remounting in the sample holder, and
monitoring the Hall effect and resistivity as a function of time. The first
electrical measurements are taken within 1/3 to 1 hour of the moment when
the temperature drops to end the annealing cycle.

At the present time, two samples have been annealed without the
electrical contacts in place. These samples were provided with sidearms
to which the voltage contacts were attached. The usual galvanomagnetic
samples are simple rectangular parallelepipeds. The sidearm samples were
subjected to the same experimental procedure already outlined except that
all traces of lead-tin solder contact material were removed by sandblasting
before an annealing cycle took place.

The apparent hole concentration was obtained by simply inverting the
measured Hall coefficient. The observed carrier concentrations are
plotted as a function of reciprocal annealing temperature in Fig. 4.1.

Good straight lines are obtained. The slopes correspond to an apparent
activation energy of 1.0 ev. The points obtained for the contactless samples
lie below the points which are obtained for the samples annealed with
the contacts in place. This could result from contact diffusion, gross
structural defects in the contactless samples, anistropy in the Hall
coefficient, or the differences in gross geometry between the sidearm
samples and the samples which had small area contacts soldered directly

to their surfaces. Present experimental evidence indicates that this
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discrepancy mainly results from the difference in geometry between the side-
arm and the small area contact samples.

After annealing the apparent hole concentration decreases with time.
This recovery has been monitored as several samples. A typical result is
plotted as Fig. 4.2. The initial slope of the recovery curves indicate an
2/3 time dependence. At large times, the curves seem to approach
a (l—e-t) behavior.

A tentative explanation of what may be happening can be briefly stated.

initial t

This model is essentially the same as that advanced for the similar behavior

of p-type lead telluride.(7)

This model states that Fig. 4.1 is essentially a representation of the ZnSb

retrograde solidus line on the Znfb phase diagram. The ZnSb lattice can be
thought of as containing more antimony at the higher temperature. Of course,
it is uncertain whether excess antimony or zinc is incorporated into the
lattice at higher temperatures. The nature of the electrically active point
defect in the lattice is also open to speculation. At any rate, at higher
temperatures, it is possible that additional antimony is supplied by
crystal dislocations which act as a source or a sink for antimony depending
upon the annealing temperature involved and the exact shape of the retro-
grade solubility line.

Hence when a crystal is annealed at an elevated temperature, a new
concentration of electrically active antimony (or zinc) is incorporated
into the lattice and the hole concentration increases. This new equilibrium
is reached in a fairly short time - several hours. Afterwards, when the
crystal is allowed to remain at room temperature, the antimony (or zinc)
precipitates out on dislocation lines in the crystal as electrically
neutral atoms. This room temperature precipitation process is slow. taking
hundreds or thousands of hours. Ham(s) has presented a theory for diffusion

2/3 for the

assisted precipitation. The theory predicts a slope of t
initial portion of the precipitation curve and a long time limiting
behavior of (1-e-t). Apparently, these time functions are being observed
here.

Once again, it is emphasized that the interpretation of these physical
measurements is still under consideration. The given model seems to be the

most reasonable one at the present time. It seems apparent that this
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phenomena can have a profound influence on the results of electrical measure-
ments or ZnSb - especially on undoped crystals. For example, crystals are
usually cycled down to room temperature in a matter of hours after growth.
But, the hole concentrations in a newly grown crystal may take weeks or

months to equilibrate at room temperature. This complicates the determination

of the anisotropy of the galvanomagnetic properties of ZnSb.

4.4 Hall Mobility as a Function of Temperature in p-type ZnSb

4.4.1 Undoped samples p v 3 x 1016 cnr3

Measurements of the electrical conductivity and Hall effect have been
made between liquid nitrogen temperature and room temperature. The result-
ing Hall mobilities are plotted in Fig. 4.3. This data is similar to that
(5)

presented by Komiya, Masumoto and Fan, except that the slopes of the
straight lines are about 10 percent lower and the Hall mobilities are about
20 percent higher than in their material. Their crystals were grown by

the Czochralski technique.

4.4.2 Copper doped samples p v 4 x 1017.cm_3

Copper is being used as an acceptor impurity in ZnSb. Copper is added
to the molten zone in the horizontal zone recrystallization process and is
incorporated into the crystal during its growth. There is some evidence
that copper has higher solubility limits than silver or gold in ZnSb.(g)
Measurements have been completed on a copper doped crystal with a carrier
concentration of about 4 x 1017 cm-3. The Hall mobilities are shown in
Fig. 4.4. Evidently, a considerable amount of impurity scattering is present
near liquid nitrogen temperatures. These measurements are being extended

to more heavily copper doped samples.

4.4.3 Anisotropy of the electrical conductivity

The above results may be used to give a good indication of the degree
of anisotropy of the electrical conductivity of ZnSb. Results are also
taken from Fig. 2 of the recent paper by Komiya, Masumoto, and Fan.(s)
Table 4.2 provides a summary of the anisotropy. The results are fairly

consistent and indicate that o, = 1.5 g, = 3 o at 0°C.
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TABLE 4.2

ANISOTROPY IN THE ELECTRICAL CONDUCTIVITY
OF P-TYPE ZnSb AT 0°C

Crystal C-1081-C Undoped p = 3 x 10;6 cm_3
Ratio of Hall Mobilities in — -
volt-sec.
*b 330 e 820
" = 33 0.62 v = %530 1.55
a a
Komiya, Masumoto and Fan(s) Undoped Crystal
2
Ratio of Hall Mobilities in —em—
volt-sec.
Eh' - 180 0.45 Eg = 820 1.55
u 400 * U 400 )
a a
17 -3
Crystal C-1078-C Copper Doped p = 4 x 10 cm
Ratio of Electrical Conductivities in (ohm—cm)-1
o] c
b 21.5 < _ 35 -
s 5.6 - 0-60 5 35.6 - 127
a a
19 -3
Crystal C-1075-B Copper Doped p = 1.1 x 10 cm
Ratio of Electrical Conductivities in (ohm—-cm)'-1
o o]
b 370 < _ 930
o 614 = 0-60 s 614 1.55
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4.5 Magnetoresistance in P-Type ZnSb

Magnetoresistance data are presented in Figs. 4.5 and 4.6 for two p-—
type zinc antimonide crystals. Instead of plotting a very large number
of individual data points, brackets have been drawn that represent the
total excursion for all of the data points that correspond to a given
angle between the magnetic field and current axis of the sample.

The scatter of the individual data points within a given bracket seems
to bear no correlation to magnetic field strength. Hence, it must be
concluded that the observed magnetoresistance is quadratic in magnetic
field strength. The scatter of the individual data points mainly arises
from the fact that the magnetoresistance effect is so small in ZnSb. For
instance, at 77.3°K in a 12.5 kg magnetic field, the largest observed

changes in resistance are 1.5 percent and 0.3 percent for the undoped and

copper doped samples, respectively. At 12.5 kg, the electric field component

which gives rise to the Hall voltage is roughly two orders of magnitude
larger than the change in the longitudinal component of the electric field
which is caused by the magnetoresistance. As a result, the slightest
departures from ideal galvanomagnetic sample geometry will introduce a
spurious Hall voltage component into the voltage measured at the magneto-
resistance probes. In practice, the measured magnetoresistance voltage
contains roughly an equal amount of spurious Hall voltage at 12.5 kg. By
suitably averaging voltages measured for both directions of the magnetic
field, the actual magnetoresistance voltage can be obtained. However,
especially below 10 kg, this procedure can amount to taking the difference
of two large numbers and can possibly introduce considerable error into
the magnetoresistance results. The absolute accuracy of the magneto-
resistance measurement, Ap/sz, is estimated to be between 5 percent and
10 percent, depending upon the numerical magnitudes involved. The data
scatter indicated by the size of the brackets in Figs. 4.5 and 4.6 are
generally in agreement with this estimate.

Data taken with the electric current along the a and b axes (the
<100> and <010> directions) is reproducible to within at least 10 percent
between different samples cut from crystal C-1078-C (copper doped). This
is reasonable reproducibility when sample cutting and mounting misorien-

tation errors are added to the above error estimate. Data for current
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along the c axis of the copper doped crystal have not been reproduced as
yet. Hence, the c axis (the <001> current direction) results should be
regarded as tentative.

The data which is presented indicates a longitudinal magnetoresistance
effect which is so small that it is reasonable to regard it as being
residual. The observed longitudinal effect probably arises from local
departures from sample uniformity. These nonuniformities are principally
local crystalline imperfections and the finite size of the voltage contacts
on the samples, Similar amounts of residual longitudinal magnetoresistance

appear in published data for n-type GaAs(lg) an

and n-type Si.
The approximately zero longitudinal magnetoresistance for electric
currents directed along each of the principal crystal axes indicates that
the energy surfaces of p-type ZnSb might be characterized by one or more
general ellipsoids which are oriented with their principal axes parallel
to the edges of the orthorhombic Brillouin zone.
Numerical evaluation of the magnetoresistance data will begin as soon

as experimental checks of the reproducibility 6f the data are complete.

4.6 Thermal Measurements on P-Type ZnSb

Measurements of thermoelectric power and thermal conductivity as a
function of electrical conductivity are now in progress. Measurements are
being made on samples which are cut from single crystals that have six
different carrier concentrationg,

The thermal conductivity, thermoelectric power, and electrical con-
ductivity are being measured simultaneously in the apparatus which is shown
in Figs. 4.7 and 4.8. The samples are approximately cube-shaped and measure
3 to5 mm on a side. The cubes are cut so that they are bounded by the 3
principal crystal planes.

In order to minimize mechanical strains due to differential thermal
expansion between any two principal axes and the copper heat source or sink,
a low temperature soldering technique is needed. Two opposite faces of
the sample are carefully electroplated with indium in a room temperature
bath ,f indium sulfamate solution. The copper heat source and sink are
pretinned with gallium. The sample is raised to slightly above room tem-
perature (to about 30°C) and the indium plated faces are tinned with
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gallium. The sample is then attached to the heat source and sink and the
copper chamber cooled to below room temperature (to about 10 or 15°C) where
the gallium solder freezes. The copper thermal conductivity chamber is
then placed in the vacuum crystal and evacuated. All measurements are made
at 0°C with the cryostat immersed in an ice bath.

Using this technique, it has been possible to make successive thermal
measurements along the three principal axes of the same single crystal
cube. The empirical probability of taking 3 sets of measurements on the
same cube without fracturing it is about 90 percent.

Some preliminary results of the thermal measurements are shown in Table
4.3. This data indicates that there is about a 20 percent anisotropy in the
thermal conductivity and no anisotropy in the thermoelectric power of p-

type ZnSb.
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